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Abstract
Background: The various cell types and their relative numbers in multicellular
organisms are controlled by growth factors and related extracellular molecules which
affect genetic expression pathways. However, these substances may have both/either
inhibitory and/or stimulatory effects on cell division and cell differentiation depending
on the cellular environment. It is not known how cells respond to these substances in
such an ambiguous way. Many cellular effects have been investigated and reported
using cell culture from cancer cell lines in an effort to define normal cellular behaviour
using these abnormal cells.
A model is offered to explain the harmony of cellular life in multicellular organisms
involving interacting extracellular substances.
Methods: A basic model was proposed based on asymmetric cell division and
evidence to support the hypothetical model was accumulated from the literature.
In particular, relevant evidence was selected for the Insulin-Like Growth Factor system
from the published data, especially from certain cell lines, to support the model.
The evidence has been selective in an attempt to provide a picture of normal cellular
responses, derived from the cell lines.
Results: The formation of a pair of coupled cells by asymmetric cell division is an
integral part of the model as is the interaction of couplet molecules derived from
these cells. Each couplet cell will have a receptor to measure the amount of the
couplet molecule produced by the other cell; each cell will be receptor-positive or
receptor-negative for the respective receptors. The couplet molecules will form a
binary complex whose level is also measured by the cell. The hypothesis is heavily
supported by selective collection of circumstantial evidence and by some direct
evidence. The basic model can be expanded to other cellular interactions.
Conclusions: These couplet cells and interacting couplet molecules can be viewed as
a mechanism that provides a controlled and balanced division-of-labour between
the two progeny cells, and, in turn, their progeny. The presence or absence of a
particular receptor for a couplet molecule will define a cell type and the presence
or absence of many such receptors will define the cell types of the progeny within
cell lineages.
© 2014 Craven; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly credited. The Creative Commons Public Domain Dedication waiver (http://
creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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A model of life
A simple model is offered to explain the requisite harmony of multicellular life. From
this basic model, complexity needs to be added to explain the abundance, profusion
and variety of life and the sophistication of human existence.
The adult worm Caenorhabditis elegans has exactly 959 cells in the hermaphrodite,
having lost exactly 131 defined cells by apoptosis and fusion during ontogenesis [1,2].
Could we expect the same organised, awe-inspiring exactitude of proliferation, differen-
tiation, apoptosis etc. for a human with 50–100 × 1012 cells? The current model offers
the reciprocal interactions of coupled cells which have been derived from asymmetric
cell division, as the basis for this exactitude of multicellular life.
(A) Background:- questions within existing knowledge
The model offered here relates to the regulation of cell division by extracellular mes-
sages and relates to questions as to when and why a growing cell decides to divide sym-
metrically or asymmetrically and what particular type of symmetric or asymmetric
division occurs.
When will a cell proliferate, differentiate or apoptose or otherwise live or die?
Chemical messages will be an integral part of this decision-making
A unicellular organism is a fully-armoured, selfish, intelligent cell. It is often in an
anarchistic milieu, an unpredictable and fickle environment [3], within which it
needs to respond appropriately to an array of gross changes and predicaments
which are monitored by the cell for the cell’s sole information. In a favorable en-
vironment, an increase in effector molecules (e.g. nutrients) will induce appropriate
enzymes for their own catabolism, thus to increase metabolism from quiescence
[4], perhaps to increase cell size (hyperplasia) and perhaps to proliferate by cell
division. In an adverse environment, with nutritional deprivation, senescence [5] or
sporulation may be the response.
In a complex multi-cellular, multi-organ organism (e.g. an animal), all cells have
intelligence from which coordinated growth emanates, and in order to monitor the
environment, certain specialised cells exist. Some cells possess radiation detectors
which will be interpreted as sight or sound while other cells have chemical recep-
tors used to transduce information as smell, touch/pressure or taste. Indeed, virtually
all cells are functionally specialised, labour is thus divided, co-operation is inherent and
the environment of each cell is more controlled; nutrients are generally available and
ambient changes are normally more subtle than for a less developed organism.
However, in order to coordinate whole body function, each cell will be exposed to
a variety of secreted metabolic messages from other body cells, some of which may
lead to cellular proliferation or to another response. Of these secreted messenger
molecules, there will be specific messages derived from distant, differentiated cells
e.g. of the nervous, immune and endocrine systems. Within a specific organ or tis-
sue, together with these messages from perhaps metres away, there will also be
messages from other differentiated cells, perhaps centimetres away (the paracrine
system), along with messages from identical self cells (i.e. cells which contain iden-
tically active genetic machinery) perhaps millimetres away (the autocrine system)
(See Figure 1).
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If an Autocrine interaction is considered to be the reception of a ligand signal produced by
exactly the same cell, then a Paracrine interaction could be considered to be either Homoty-
pic or Heterotypic, where a Homotypic one refers to the reception of the ligand signal by a
cell of the same type that produced it. Thus this would be referred to as a Homocrine inter-
action and the Heterotypic Paracrine interaction referred to as simply Paracrine [6].
A Juxtacrine interaction is a more intimate type of cellular communication where the
chemical message is passed between two cells that are in physical contact with each other,
being received directly or via secreted extracellular matrix (ECM). It involves a receptor
on one cell and a ligand from another cell which is anchored or fixed as part of the cell it-
self [7]. (If the communication is bidirectional, then perhaps both act as ligand and recep-
tor simultaneously – each perhaps a ligeptor). Another interaction is via intercytoplasmic
conduits, “Gap junctions”, which are channels made of connexin proteins between neigh-
bouring cells, allowing small-molecule exchange and perhaps signalling [8]. Further, there
are reciprocal/bidirectional communications as observed in pre-and post-synaptic chem-
ical signalling in neurons [9], and with inside-out and outside-in signalling via integrins
[10]. The focus of this discussion is on chemical interactions of ligand and receptor be-
tween cells and the consequent intelligent use of these messages.
Reception and interpretation of chemical messages will give intelligence to cells for this
decision-making
Within tissues and organs, these messenger molecules will often be present within the
extracellular matrix which, while organised, will also contain a veritable soup of
Figure 1 Types of communication between cells. This illustrates the terms used to describe communication
between cells (C1 and C2 are cells) where a message (M), carried by a molecule (eg. a Ligand) released from one cell
into the external environment, is received by a receptor (R) either on another type of cell or on a cell of its own kind.
Each term reflects the distance that the message/signal has to travel and is dependent on the separation of the cells
involved - between tissues (Circulatory) or within a tissue (Interstitial or Pericellular). The Figure does not illustrate the
other possible communication mechanism, Homocrine and Juxtacrine, which are discussed in the main text.
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metabolic intermediates, end-products of metabolism, nutrients, vitamins, false mes-
sengers from foreign cells or invasive molecules that would redirect the genetic mani-
festation of that cell and, in some circumstances, other molecules which may be toxic
to metabolism - lytic or necrotic.
In order to respond selectively to the coordinating messages from self-type cells, the
target cell needs specific cell-membrane receptors which will receive only the specific
signal for that cell type. The cell can then interpret each message accurately via coup-
ling of the receptor to intracellular molecules which transmit the extracellular signal to
the nucleus, and thus the cell can respond appropriately. The cell exists “in the dark”
and can only gain knowledge of the extracellular environment by receptors. The
receptor-mediated response may be a signal to induce a change in protein synthesis to
alter metabolic reactions with adaptation and/or to cause hyperplasia, migration, prolif-
eration, transformation, differentiation, apoptosis or other. The signal may be necessary
but not sufficient and the cell may only respond provided other requirements are met.
A message received or interpreted falsely may lead to a cell not synchronized or not in
harmony with its neighbours or it may cause the cell to transform to one which is un-
controlled in its growth, to the detriment of the whole organism.
Membrane receptors translate the external environment to cause intracellular reac-
tion and a specific set of receptors will control and define the inherent properties of
a cell. Indeed, cells have long been identified by cell markers - proteins on the cell
membrane - many of which are receptors. For example, the Cluster of differenti-
ation (CD) is a group of membrane proteins used to define immunologically the cell sur-
face molecules of blood cells, especially white blood cells. Other cell markers also
exist e.g. Lin (a marker used to detect lineage commitment), Sca (Stem cell antigen),
c-kit (the receptor for stem cell factor) The presence or absence of the various CD
proteins and other markers that act as receptors, ligands, enzymes or adhesion
molecules, is used to identify specific cells. For example, two subsets of murine pluripo-
tent hematopoietic stem cells exist, one with the phenotype Lin(−) Sca(+) kit(+) CD38(+)
CD34(−), the other Lin(−) Sca(+) kit(+) CD38(−) CD34(+) [11]. While there are over 300
CD proteins already detected, it has been estimated that there would be between 2,400
and 5000 cell-surface molecules on leucocytes [12]. Many of these would be receptors. A
cell is then defined by these receptors it uses to receive messages and to appropriately re-
spond. While the number of molecules of particular receptors might vary with adaptation
or maturation of a cell, a major change in the types of cell-membrane receptors is consid-
ered here to indicate a change of the cell’s type and the change in receptors would be a
critical part of a differentiation process. (See Additional file 1,1 “Terminology” for Defini-
tions). Cells are then defined by their receptors and their messages will control both the
metabolic pathways of the cell and the cell’s decision to “proliferate, differentiate or apo-
ptose or otherwise live or die”. Receptor-mediated uptake of signal-carrying molecules is
an integral part of the model presented herein.
A molecule may be a signal with a message but it would only be so “in the eyes of
the beholder”; the recipient cell (i.e. a cell whose status makes it receptive to the mes-
sage at that time) must have an ability to interpret the exact message based on the both
the molecule’s structure and its concentration over a period of time. For the latter to
occur, the cell needs to measure this concentration by comparison against the concen-
tration of a relevant, related molecule. In other words, the cell can “count” but it likely
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uses ratios of concentrations rather than absolute numbers. This intelligent use of this
information received resides in all cells allowing both local and whole-of-body decisions
to be made and appropriate changes to ensue. In multicellular organisms, local deci-
sions are supervised by cells that reside within the specialised and integrated cells
(e.g. within the brain) which produce the whole-of-body intellect. For Insulin-Like
Growth Factor-I (IGF-I), this growth factor may be either locally produced to have
a paracrine action [13] or it may be derived from hepatocytes that secrete it into
the systemic system under the control of pituitary-derived growth hormone (GH).
In turn, GH secretion is controlled by the GH-releasing-hormone released from
the hypothalamus to stimulate the pituitary.
Information may then be transferred via receptor-mediated uptake of growth factors,
cytokines, adipokines, chemokines, hormones and other bioactive substances. As a
group, these are referred to herein as generic Information-Carrying Molecules and
Inter-Cellular Messengers (ICMs) (See Additional file 1,1 “Terminology”).
Simply put, the information carried by ICMs derived from one cell type will be inter-
pretated by a second cell via specific receptors and consequent intracellular changes,
thus providing intelligence to this second cell.
What were the transition steps in the evolution from a unicellular entire (e.g. a Protozoa)
to an organised but internally symbiotic multicellular organism (e.g. a metazoan)?
The development of the original eukaryotic cell types may have been based on asym-
metric cell division and on common cellular interactions [14]. The former underlies the
fundamental basis for the developmental evolution of organisms and for the function-
ing of totipotent or multipotent stem cells [15]. An example of the latter is that the
same molecules (e.g. phorbol esters, diacylglycerol, tetrapyrroles) that stimulate cell
division in two unicellular eukaryotes (the ciliate Tetrahymena thermophila and the
yeast Saccharomyces cerevisiae) also cause cell division and other activities in multicel-
lular mammalian cells [16].
Asymmetric cell division, with division of labour, is likely a part of this transition process
Cooperativity is part of earliest life, where some cells of a unicellular group reacted to
the environment and evolved, with cell division, to cooperate metabolically with their
predecessors. (See Additional file 1,2 “Change in Cellular Characteristics with or with-
out Differentiation (with Cell Division), with Division of Labour” for examples of this).
Asymmetric cell division is considered to be an extension of this, to separate clearly
the metabolic labour of survival and growth. A cell community becomes more efficient
by allocating some tasks to specific cells; each cell does not then need to utilise its whole
armamentarium of genes.
Put another way, one early evolutionary step could have involved a purposeful asym-
metric division of a unicellular life form, whereby some of the metabolic labour was
then divided between two cell types (initially). These two, coupled cells and their pro-
geny from subsequent symmetric cell division, would need to form a mutualism
wherein each couplet cell of one type would need to know of the combined metabolic
activity state of the other couplet cells. This could be achieved by a molecular signal
generated by each couplet being received by the partner via a specific receptor. This
latter scenario would be similar to the situation in the yeast Saccharomyces cerevisiae,
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where there are two types of haploid cells, the alpha-cell and the a-cell, whose forma-
tion involves asymmetric cell divisions. The alpha-cell secretes the alpha-factor which
binds to a specific receptor on a-cells to transmit a signal and, in a reciprocal way, the
a-cell secretes an a-factor which binds to a receptor on alpha-cells. Each factor or
pheromone induces hyperexpression of genes specific for the opposite cell type [17]. A
similar system occurs in other fungi [18].
These examples in fungi and the following example of pheromones, are the early pro-
totypes of the current “CTC Model” proposed in Section B of this article, involving
asymmetric cell division (AsCD) with reciprocal interactions.
Pheromones, also known as Gamones, are secreted by gametes for sexual reproduction.
In an ancestral ciliate, Blepharisma japonicum, two mating cells (Types I and II) are
formed as offspring cells from AsCD [19]. Type I cells secrete Gamone 1 (a glycoprotein)
and Type II cells secrete Gamone 2 (a trp derivative) and it is thought that Gamone 1 is
recognized by putative Gamone 1 receptors on Type II cells and Gamone 2 is recognized
by putative Gamone 2 receptors on Type I cells [20] (See Figure 2). This is a similar recip-
rocal arrangement as for S. cerevisiae. In the ciliate, Euplotes raikovi, however, a receptor
for the pheromone Er-1 has been identified in Type I cells although the this particular
pheromone stimulates cells that produce it i.e. it appears to act autocrinely [21,22]. An al-
ternate explanation, consistent with the model offered herein, would be that the cells are
in fact of two types – one producing, the other internalizing the pheromone.
Division of metabolic labour may be the reason for such formation of coupled cells,
with AsCD as the mechanism. Many different biological species are syntrophic in that
one species lives off the products of another species while others are symbiotic with
mutual advantage by interaction between two different species. A third situation ap-
pears for a archeal biofilm where two sets of cells, physiologically and possibly genetic-
ally differentiated with respect to each other but derived from a single-species, are
involved in mutual syntrophic reactions. It seems that one cell type of the archea pro-
duces methane from hydrogen (methanogenic) and the other uses the methane to pro-
duce perhaps acetate or formate (methanotrophic) which is used by the first
methanogenic cell [23]. This could be interpreted as a division of labour (DOL) result-
ing from a single precursor cell, by AsCD. DOL has also been described in Additional
file 1,2 for Cyanobacteria and algae but for a more complex multicellular organism, the
Figure 2 Blepharisma japonicummating cells. Types I and II cells secrete Gamone 1 and Gamone 2
respectively. Gamone 1 (blepharmone) is recognized by a putative Gamone 1 receptor on Type II cells and
Gamone 2 (blepharismone) is recognized by a putative Gamone 2 receptor on Type I cells.
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total sum of catabolic and anabolic reactions for the whole is enormous. Many descrip-
tions of metabolism impose a complex interplay of reactions on a single cell, whereas
the evolution of multicellular organisms has been towards specialisation and division of
metabolic labour. Indeed early cells were more complex with more diverse constituents
than modern cells [3]. The specialisation is evidenced by certain cells of the human
body producing metabolites which are released into the extracellular fluid, taken up by
other cells via transporters/receptors and used metabolically by these cells. Certain hu-
man cells that have stored sources of energy (glycogen and triacylglycerols) release glu-
cose and fatty acids for other cells. Products of metabolism, alanine and lactate, are
transferred from muscle to specific liver cells and used for energy or glucose production.
Also, lactate is produced in one cell (astrocyte), secreted and taken-up by a paracrine cell
(a neuron) for fuel [24] and for long-term memory formation [25]. Adipocytes also have a
specific G-protein-coupled receptor for lactate [26]. Glutamine is produced in one cell
(glial), secreted and then taken-up by another type of cell (GABAergic neurons) for the
production of GABA (gamma-amino butyric acid) [27]. Extracellular glutamine is particu-
larly relevant for cancer cells with a glutamine-stimulated anabolic state [28,29]. Citrate is
secreted by epithelial cells of the prostate [30], while other cells (sperm) have influx citrate
transporters and these cells use citrate for fuel and for the production of long-chain fatty
acids, cholesterol and steroids [31]. These are then examples of cooperativity, possibly or-
chestrated by a cell-fate plan involving asymmetric cell division with consequent inter-
dependence of cells associated with division of labour.
While DOL will obviously reduce the number of genes expressed in a single cell, it
has been estimated that even a dedicated cell such as a B-cell lymphocyte, will express
more than 10 000 genes [32]. A dedicated cell with responsive receptors is still a com-
plex entity even with DOL.
Of course, not all of the examples of division of labour involve a direct AsCD or mu-
tual survival. Erythrocytes, terminally differentiated cells which lack a nucleus, mito-
chondria, lysosomes, endoplasmic reticulum and Golgi apparatus, are dedicated to
serving others by supplying oxygen and removing tissue acidity via their haemoglobin
content. These are “singlet” cells with no coupled cells needed to balance this forma-
tion of erythrocytes, but their own survival for about 110 days is dependent on a variety
of other cells for nutrients. Although being dedicated and loaded with haemoglobin,
one red blood cell still contains more than 750 proteins for its survival [33]. A very
dedicated cell without responsive receptors is still somewhat complex.
As opposed to the division of labour by a fully deployed cell using AsCD, it is also
relevant to acknowledge the possible function of opposing cell actions such as fusion,
engulfment and endosymbiosis in both evolution [34,35] and in the growth of modern
multicellular organisms.
The CTC model proposed in this hypothesis evolves from a consideration of division
of labour with fewer genes expressed, involving asymmetric cell division with reciprocal
interactions as indicated between fungi cells and for pheromone interactions.
A balance of cells in a multicellular organism is achieved by complementation of the types
of cell division (CD) - Symmetric (SCD) versus Asymmetric (AsCD)
It is often assumed that eukaryotic cells, in culture, undergo simple symmetrical div-
ision to proliferate. This may be a complete assumption related to the observation that
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many biology textbooks focus on mitosis with symmetric division or it may be based
on evidence from light microscopy where there is no obvious physical change in cellu-
lar characteristics. However, despite the latter, there may have been asymmetric cell
division with many possible outcomes as discussed in the next section. Of course, there
could be a combination of SCD and AsCD in these cultures just as there is for growth
and development of a whole organism [36].
A classical line of thought has been that, after SCD, one cell could be transformed by
the environment (heat, dehydration, presence of an interacting ICM) into a “new” cell
and this cell could produce duplicated progeny of this new cell by SCD. Alternatively,
one cell of a pair could be altered occultly (or be primed) by the environment such that
a new cell type only becomes obvious after another SCD. As such, there was no asym-
metric cell division.
However, currently, while the environment is still considered a critical part of the de-
cision making, AsCD is known to be widespread in many aspects of Life – even ubiqui-
tous. AsCD may be produced in several ways and survival of multicellular organisms is
a balance of SD versus AsCD. AsCD, controlled by events that occur pre-cytokinesis,
can be classified as either cell-intrinsic, involving an inherited determinant, or cell-
extrinsic, involving intercellular communication or environmental factors. In addition,
the determination of asymmetry could be post-cytokinesis and extrinsic, following an
initial symmetric distribution of cellular constituents. (See Additional file 1,3 Note 1
“The Roles of Symmetric versus Asymmetric Cell Division” for evidence and causes of
AsCD and factors affecting AsCD/SCD balance).
Stem cells are thought to balance self-renewal and differentiation through judicious
variation of asymmetric and symmetric divisions. The balance is not hardwired into the
genes but is responsive to extrinsic and intrinsic cues [37]. Hemopoietic stem cells will
form different progeny (erythrocyte, monocyte, lymphocyte etc.) based on the exposure
to a variety of ICMs such as interleukins, colony-stimulating factors (CSFs) and
erythropoeitin [38]. The balance of AsCD versus SCD can depend on these types
of extracellular factors and also on cellular molecules such as p53 protein, cAMP or
GMP, or on the lineage, the stage of growth or even light exposure (See Additional file 1,3
Note 1).
Modelling has been used to determine the relative contributions of the various op-
tions of AsCD and SCD. Mathematical modelling and lineage studies to explain neuron
formation within the mouse neocortex have focused on the relative amounts of three
types of CD - AsCD, SCD with “terminal” differentiated cells produced and SCD with
“non-terminal” proliferative cells produced [39]. The conclusion was that asymmetric
and both types of symmetric cell divisions coexist during the entire period of neurogen-
esis. Other models of cell division, in hematopoietic stem cells, indicate a need to con-
sider the time taken for, and the frequency of, cell division by the AsCD and SCD of
stem and progenitor cells and a need for control by external signals [40]. In the
Drosophila optic lobe, four signalling pathways control the sequential transition of
symmetrically-dividing neuroepithelial cells into asymmetrically-dividing neuroblasts
as the proneural wave progresses across the neuroepithelium [41].
While AsCD is often considered to be a fundamental characteristic of stem cells, in
an active intestinal crypt setting, it is SCD, not AsCD, which balances the stem- and
progenitor-cell losses by proliferation of nearby cells [42].
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Overall, the balance of cells in a multicellular organism is achieved by both SCD and
AsCD as directed by the cell-fate plan of the organism with control by external signals.
The CTC model proposed in this hypothesis explains how external signals control cel-
lular balance by appropriate selection of SCD or of AsCD as required.
Cells within a multicellular organism may be able to select from a portfolio of mechanisms
to divide in order to produce a required outcome
Within the types of symmetric and asymmetric cell divisions, there are many theoretical
possibilities. These are depicted and discussed in Additional file 1,3 Note 2 “Categories of
Symmetric and Asymmetrical Cell Divisions” Figure 1. This Figure lists at least ten options
of cells in forming a lineage, including self-renewal and differentiation which may be
terminal. Some other examples of the AsCD categories are discussed in Additional file 1,3
Note 3 “Further Examples of these AsCD Categories”.
While this portfolio of options is impressive, to encompass totally the options of a
cell, it would be necessary to include the potential of cells to reverse or change
from a differentiated state via a cell division. Some of these extra options are included in
Additional file 1,3 Note 4 “Change of differentiation type – options of a differentiated cell”.
The CTC model proposed in this hypothesis explains how external signals help select
the appropriate type of cell division required from these options.
How does a multicellular messenger - a growth factor - affect cellular decisions?
An example of a extracellular molecule which communicates information via a plasma
membrane receptor is the Insulin-Like Growth Factor-I (IGF-I) - a 70-amino acid ICM
which participates in communication between cells in endocrine, paracrine and auto-
crine modes [43] and whose internalization may lead to changes in hyperplasic growth
or to proliferation etc. The “IGF system” is complex, with several essential components
including ligands; IGF-I and IGF-II, cell membrane-bound receptors (e.g. IGF-IR), at
least six soluble “binding proteins” (e.g. IGFBP-1…-6) which form binary complexes
with IGFs in the extracellular environment, plus even a ternary complex in serum, form
the system. Also, IGFBP proteases will play a part [44].
In our current understanding of this system, the transfer of information from one cell
to another by IGF involves receptor binding, subsequent kinase activation, followed by
increased metabolism and a decision to divide, perhaps to differentiate or not to apo-
ptose. This IGF receptor-binding is reduced by the limited availability of the free IGF
due to its binding by the IGF binding proteins (IGFBPs). The IGFBPs have other sug-
gested functions e.g. reducing the loss of IGF via the kidney due to the larger size of
the complex, decreasing proteolytic cleavage and increasing storage. Modified IGFs that
don’t bind IGFBPs {e.g. des(1–3)IGF-I}, have a higher activity than IGF itself and this is
explained by the increased availability of the free modified IGF [45]. While these expla-
nations seem valid, other explanations are required to explain fully the IGF system, es-
pecially the IGF-independent effects of IGFBPs [46]. The CTC model proposed in this
hypothesis offers an alternate explanation.
This understanding is limited. What are the unanswered questions?
How does the reception of an IGF-I signal define how the cell will respond to the
signal? The cell may change its rate or focus of metabolism and/or the signal may
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be interpreted to produce a life change to the cell. The former metabolic effect (in-
volving phosphorylation of IGF-IR and activation of the mitogen-activated-protein-
kinase path and/or of the phosphatidylinositol-3-kinase path) may be a prerequisite
for the cellular effect (involving nuclear interactions, transcription effects, chromo-
somal reorganization and other whole-of-cell decisions). For the latter, how does
the cell know which switches are to be activated or deactivated; will the cell divide,
differentiate, transform or undergo apoptosis or otherwise change its status? What
intelligence is required to make these decisions; what is the messenger molecule
and how does the message reach and be interpreted by the nucleus?
How is IGF-I mostly the well-known stimulator of growth [47] but sometimes an in-
hibitor of growth (in cultured smooth muscle cells [48], lymphocytes [49] and Wilm’s
tumour cells [50])? How also is a particular IGF-BP an inhibitor of growth (of a breast
cancer cell line [51] and a fibroblast cell line [52]) and, at other times, a stimulator of
growth (in cultured fibroblasts [53] and osteoblast-like bone cells [54])? How can it be
explained that an IGFBP may have an ability to stimulate cells in an IGF-independent
fashion [53,54] if the current model has the IGFBP solely as a binder of IGF thereby
restricting IGF loss and IGF activity? Overall, how does the whole organism know if
there is a balance of the cells producing IGFs and those producing IGFBPs? Some of
the answers may be associated with the discovery of receptors for certain IGFBPs and
the presence of such receptors becomes part of the current CTC model, described in
Section (B), used to answer these questions.
Similar questions apply to other growth factors and related molecules (ICMs) which
have both stimulatory and/or inhibitory effects depending on cell-type used, the con-
centration of ICM, the presence of other ICMs, the time of exposure and the develop-
mental state of the cells. {See Additional file 1,4 “The Effects of Growth Factors and
other Bioactive Molecules (collectively referred to here as ICMs - Information-Carrying
Molecules and Inter-Cellular Messengers)” for the effects of some fifty ICMs on cell
proliferation, both stimulatory and inhibitory).
How do these ICMs have opposite effects on different cells and/or in different circum-
stances? Of particular note is that a number of binding proteins (BPs) (besides the
IGFBPs) have both stimulatory and inhibitory effects e.g. FGF Binding Protein, Sex-
Hormone Binding Globulin, Kallistatin (Kallikrein Binding Protein), Corticosteroid Binding
Globulin. Again, how can these BPs that bind ICMs be stimulants of cell growth if they re-
duce the amount of the biologically active Free ICM? Again, the current model relies on
receptors for these BPs to explain their conflicting effects.
(B) Results and discussion:- a new model – a simplistic basic model
1. Description of the essentials of the basic model – a balance of Trefones and couplet
cells
(a) Primary couplet cells and Trefone couplets – the CTC Model with the IGF system as a
prime example
A signalling molecule which is secreted from one specific cell to communicate informa-
tion relating to cellular activities, via a receptor in another “couplet” cell, and which
binds another “couplet” signalling molecule produced by this other “couplet” cell, is de-
fined herein as a “Trefone” (T). It is a specific ICM which transmits a chemical signal
(1) to affect certain metabolic reactions and (2) to produce a life change to the cell that
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receives its message. In this model, an IGF-I could be a Trefone for a cell which pro-
duces it and which also has a receptor for its couplet molecule – a specific IGFBP.
Equally an IGF-BP could be a Trefone for a cell which produces it and has a receptor
for IGF-I. Each Trefone-receptor complex would be internalised into the responding
cell, to be part of nuclear messages to affect metabolic and cellular-life decisions. The
IGF-I and the IGFBP would be classed as “Couplet Trefones” as they form their own
complex (IGF-I:IGFBP) – a complex herein referred to as a Trefone Couplet Complex
(TCC). (See Additional file 1,5 Note 1, “Additional Information on the Definition of a
Trefone” for more on the properties of a Trefone and Additional file 1,5 Note 2 “Clarifica-
tion on Ligand and Binding Protein Interaction; the TCC” for more discussion on the
complex of ligand and binding protein).
One Trefone is produced and secreted by each of two separate cells and these initial
two cells are coupled by their prior formation via asymmetric cell division of their par-
ent cell. These two “Couplet Cells” are also coupled in another way in that each cell
type has a receptor for the Trefone produced by the other and each cell is altered in re-
sponse to the signal tranduced from the Trefone of the other cell. The Trefone signal
from one cell will transfer a message for the other cell (i) normally to increase metabol-
ism and to stimulate production of the other Trefone and (ii) if necessary, to stimulate
cell division or induce some other “whole-of-cell, life/death” action to balance the activ-
ity of total “a” cells and “i” cells. Lower levels of the Trefone would induce a metabolic
effect while higher levels, prolonged [55], would induce cell division or other action.
For example, insulin from a beta-islet cell, when endocytosed at a low level by an insu-
lin receptor into a specially receptive cell (a couplet cell, perhaps an alpha-pancreatic
cell), would stimulate metabolism and the secretion of the couplet Trefone (perhaps
glucagon), while at a high level, upon prolonged exposure, insulin would stimulate the
proliferation of the receptive alpha-cell, to produce even more Trefone (glucagon) se-
cretion. (Note that these effects are separate from the receptor-mediated effect of insu-
lin on carbohydrate and on other metabolic activities of cells generally). For IGF-I
signalling, the metabolic and the whole-of-cell effects use the same pathway; in human
intestinal smooth muscle cells, the metabolic effect of IGF-I (e.g. to regulate IGFBP
production) is mediated by activation of distinct MAP kinase and PI 3-kinase pathways,
the same pathways through which IGF-I stimulates growth [56].
The “Couplet Cells” would have been produced by asymmetric cell division of an o-
Cell (the original cell - a stem or progenitor cell) to produce two cells committed to or
already differentiated. This is referred to as Dual LCDf in Additional file 1,3 Note 2
“Categories of Symmetric and Asymmetrical Cell Divisions” Figure 1, B(iv), where non-
identical C/D1 and C/D2 cells are produced by AsCD. (Subsequent cell divisions may
be symmetrical (SCD, SRE) to produce more of each of these two types of cells). The
coupled progeny cells will be referred to herein as the “a” Cell type (a-Cell or aC) and
the “i” Cell type (i-Cell or iC), rather than C/D1 and C/D2. (See Additional file 1,5 Note
3 “Cell Couplets – AsCD and the a-Cell and i-Cell” for why the letters “a” and “i” are
selected and for the format of the diagram of the AsCD that produces these couplet
cells). The a-Cell synthesizes and secretes the “a” Trefone (a-Trefone or aT) and the i-
Cell synthesizes and secretes the “i” Trefone (i-Trefone or iT). The a-Cell has a receptor
(iR) for the i-Trefone and the i-Cell has a receptor for the a-Trefone (aR). In this model,
both cells have receptors for the Trefone Couplet Complex (TCC) of aT:iT but, for
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simplicity, this is not shown in Figure 3(a). A specific example is given in Figure 3(b)
for the IGF-I and IGFBPn couplet. This system of Coupled Trefones and Cells is re-
ferred to as the “CTC” model.
The purpose of Trefones is to maintain a balance of cells. This can be understood by
a simple example:- If the number of cells of one type (a-Cells) is in excess (or if they
have a high metabolic rate) of that of cells of the couplet (i-Cells), then the concentra-
tion of (Free) a-Trefone will be in excess of that of i-Trefone, with a limited concentra-
tion of TCC. Free aT then stimulates the i-Cells initially to increase the biosynthetic
rate of iT production, and then stimulates the i-Cells to divide symmetrically (SRE) so
as to produce more iT to match the concentration of aT. This stimulation of the i-Cells
is also dependent on a signal that relates to the concentration of TCC and continues
until the latter is high and the Free nT concentrations, [aT]F and [
iT]F, are low and
equal. In the same period, the a-cells would be quiescent or perhaps undergo cell
divisions, of the types indicated in Additional file 1,5 Note 3, Table S1, to produce more
i-Cells. For the IGF system, IGF-I from the a-Cell will stimulate the i-Cell and an
IGFBP from the i-Cell would stimulate the a-Cell but each response would be modified
by the level of the IGF-I:IGFBP complex. Each cell would thus measure these external
Trefones to assess the activity/number of couplet cells and would respond to maintain
a balance.
The situation is similar if the number of a-Cells and i-Cells are equal and in harmony
in a mix and then aT is added in excess. The i-Cells will undergo cell division to replen-
ish rapidly these cells to balance the perception of a-Cell excess. In the same period,
this would produce reducing-to-zero stimulation (i.e. inhibition) of a-Cell metabolism
plus stimulation of some a-Cells to produce two i-Cells and perhaps some a-Cells
Figure 3 Couplet Trefones and cells and their membrane receptors. (a) A couplet of cells (aC and iC) with
each producing a soluble Trefone and each having a receptor (R) to bind the soluble Trefone produced by the other
cell. aR on iC binds aT and iR on aC binds iT. (b) A couplet of cells with the a-Cell producing the “a” Trefone, IGF-I, the
i-Cell producing the “i” Trefone, one specific IGFBP, and each having a receptor to bind the Trefone produced by the
other cell. There is a receptor for IGF-I on the i-Cell and a receptor for the IGFBPn on the a-Cell.
Craven Theoretical Biology and Medical Modelling 2014, 11:40 Page 12 of 47
http://www.tbiomed.com/content/11/1/40
would divide to produce more i-Cells while maintaining a-Cells. This latter scenario
would also occur if only cells of one type (e.g. a-Cells) are present initially and the cor-
responding Trefone that they produce is added. Again, these types of cell divisions for
the a-Cell are indicated in Additional file 1,5 Note 3, Table S1.
Thus, Trefones would control an individual cell’s metabolic activity and also cell
numbers and types by regulation of SCD and AsCD. a-Cells need to balance i-Cells be-
cause the initial AsCD (dual LCDf) of the o-Cell was designed to allow a “division of
labour” (DOL) with consequent increased efficiency of production and use of metabo-
lites. The function of the this reciprocal relationship of Trefones with receptors is to
balance mutually the activity and number of Couplet Cells produced by this AsCD and
by subsequent cell divisions (symmetric or asymmetric) in a particular cell lineage. The
presumption here is that the total body of cells of an organism is in harmony and bal-
ance and that this living equilibrium is maintained by metabolic induction/inhibition
within cells and/or by an increase/decrease in cell number and/or by variation in the
types of cell produced by cell division and associated differentiation.
A potential CTC system exists in Drosophila and this is examined in Additional file
1,5 Note 4 “Drosophila – Potential Trefones and Asymmetric Cell Division”.
In the CTC model, the two Trefones that are newly expressed by the two progeny
following a specific cell division are primary Trefones. Secondary Trefones will be dis-
cussed later.
(b) The reason for a cell’s need to measure the Trefone couplet complex (TCC)
How does a cell know if one Trefone is in excess of the other? If the cells have been
produced from the progenitor cell for “division of labour” then each cell couplet needs
to know (by “counting”) the state of the other couplet and to be able enhance or reduce
its own metabolism or cell number or status in response to signals. The two cells of the
couplet need to be in harmony or more exactly the two groups of a-Cells and i-Cells
need to be in harmony. Their end product(s) within the inferred DOL agreement need
to balance and each individual cell of the two groups of cells plays a part by responding
to the Trefone from the other group. How does a cell decide, based on one measured
Trefone level, whether there is a balance of the Trefone produced by one group versus
the Trefone produced by the other group cell?
Put again, each cell will need more information than a single Trefone concentration
gleaned by Trefone-receptor internalization, in order to assess the balance of Trefones
(and thereby the balance of the cells) and thus subsequently to make decisions. For each
couplet cell, does it decide to change just its metabolic rate or must it alter its cellular sta-
tus – does it proliferate by SCD or AsCD, does it differentiate or apoptose or otherwise
live or die? The CTC model suggests that each cell couplet will compute the balance or
relative amounts of the two respective extracellular Trefones by assessing the concentra-
tion not only of one Trefone but also that of the TCC. The cell needs these two discrete
signals and will perform a relative “count” of its own Trefone versus the couplet Trefone
by measuring the amount of complex. For example, whether aT stimulates a cell would de-
pend on the cell type and the relative amounts of Free aT (or Free iT) and aT:iT (TCC).
One option of this CTC model is that this concentration of extracellular TCC
would be directly measured by a separate receptor for it, which, along with one
Trefone, is internalized into that cell. The two could be then transported within the ER
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to a common compartment wherein a new equilibrium of aT, iT and the TCC complex is
established. These new equilibrium levels of Free Trefone and Bound Trefone (i.e.TCC)
will allow each cell to “know” the balance of the external two Trefones. The cell can then
respond to any imbalance by the interaction of Free Trefone of TCC with specific signal
transducers or directly with transcription factors within the nucleus to change gene
expression.
This latter is analogous to a model in Drosophila for the Patched receptor which
binds the morphogen-ligand Hedgehog; it is the ratio of the internalized Free Patched
(i.e. with no bound ligand) to the internalized Bound Patched (i.e. a Patched-Hedgehog
complex) which determines cell response, not just the absolute number of Free Patched
receptor molecules internalized [57].
A receptor for the TCC (the complex of the Trefones) on each cell of a couplet, is
one option of this CTC model. Alternatives to this option of a receptor for the TCC
will be described later. Figure 4 illustrates this generically and for the IGF system.
How does the cell then interpret the combined signals from the nT and the TCC?
The signals could be interpreted to our understanding, based on an association con-
stant (Ka) where Ka equals [aT:iT]/[aT].[iT] for the reversible formation of the TCC (aT:
iT) from aT and iT i.e. aT + iT ⇆ aT:iT. If the total concentrations of aT and iT were ini-
tially the same, and if the Ka value was assumed to be 1 × 1010, then this allows calcula-
tion of the Free concentrations of the Trefones at a range of given Total Trefone
concentrations. From this input, the importance of knowing the concentration of Free
levels of Trefones and of the TCC, plus the value of just having aT bind to iT, can be
appreciated. (See Additional file 1,6 Table S1, “Calculated Levels of Trefones and TCC,
Connected to Cellular Actions” for possible cellular reactions to varying concentrations
Figure 4 Couplet Cells with membrane TCC receptors. (a) A couplet of cells (aC and iC) with each
producing a Trefone and each having a receptor (R) to bind the Trefone produced by the other cell. This is as
in Figure 3 but with a TCC receptor (TCCR) on each cell. (b) A couplet of cells with the a-Cell producing the “a”
Trefone, IGF-I, the i-Cell producing the “i” Trefone, an IGFBP, and each having a receptor to bind the Trefone
produced by the other cell. This is as in Figure 3 but with a receptor for an IGF-I:IGFBP complex on each cell.
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of Trefones). An association can be made between the variation in concentrations of
Free Trefones and of TCC with cellular responses, where the predicted response fo-
cuses on whole-of-cell decisions rather than metabolic changes. This Table is a critical
part of the CTC model.
Depending on the concentration of Free iT or aT and of TCC, the aCells and iCells re-
spectively, will respond. From the messages received, the consequent cell action may be
symmetric cell division (SCD), asymmetric cell division (AsCD), transdifferentiation
(TD)/SCD, apoptosis (APO), quiescence (QSC), differentiation or dedifferentiation to a
progenitor to restart the lineage. The two examples described in Additional file 1,6 of
quantitative and objective interpretations from the data in this Table show how the
cells are able to make intelligent decisions based on their Trefone environment. In one
case, the concentration of TCC is critical for decision-making where the concentration
of Free Trefone is identical in three different situations which require different cellular
reactions; in the other case, the presence of the complex amplifies the change in con-
centration of the Free Trefone. A simple example would be that if Free aT were defi-
cient, possibly indicating a deficiency of a-Cells, then existing a-Cells would proliferate
by SCD (SRE) to double their number and some i-Cells would divide to form an a-Cell
(plus an i-Cell) or even to produce two a-Cells by mechanisms explained in Additional
file 1,5 Note 3, Table S1.
Each couplet cell will have internalized a certain amount of one Trefone and the
TCC. As an example of an abnormal situation, let us assume that aT is being normally
produced by the a-Cell but the external aT is not producing a response at aR of the i-
Cell because aT is being somehow acutely destroyed or diverted elsewhere and the ef-
fective level of aT is Lo (but not due to lack of response by a variant aR or low aR on
the i-Cell). Residual extracellular aT would form Lo aT:iT complex and the i-Cell would
therefore lack aT stimulus so that decreased iT production and i-Cell proliferation are
expected. The extracellular iT level would be initially in excess of aT but slowly decreas-
ing as it continues to stimulate the a-Cell. Intracellularly, the a-Cell, which produces aT,
has acquired a Hi level of iT but a Lo level of TCC from receptor-mediated uptakes.
Upon release of iT and aT:iT from receptors in a communal endosomal compartment,
there would be a mixing and re-equilibration of the internalized iT and aT:iT so that the
final level of the intracellular TCC and of free iT or aT would reflect the extracellular
balance of iT and aT.
In the cell itself, this mathematical interpretation would be replaced by a concentra-
tion dependent activation and/or inhibition of specific genes to direct proliferation (or
other) by its innate, inherited intelligence [58]; knowledge which will allow it to know
whether there is balance between the two Trefones and thus between the two types of
cells. The balance of extracellular Trefones, as determined by intracellular equilibrium
levels, could then control cell decisions by altering the level of a transcription factor; for
example, during mammalian embryo development, increased Cdx2 levels are associated
with more SCDs, while downregulation of Cdx2 is associated with more AsCDs [59].
This CTC(EC) model with a receptor to measure the extracellular (EC) complex
(TCC) is preferred to the alternate CTC(IC) model where only an intercellular (IC)
TCC complex is important. This model will be discussed later but the intelligence from
extracellular TCC(EC) is more direct and more appropriate than the involvement of
only intracellular TCC. This is because the TCC(EC) is derived from sampling the
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production of its own specifically produced nT which is secreted by its whole family of
n-cells and not just by the individual cell.
The reasons that a cell-membrane receptor for extracellular TCC has not been de-
tected include the lack of a convincing search and the fact that the number of receptor
molecules may need only be very low to sample the large concentration of TCC. This
will be addressed later.
(c) How does this model change our understanding?
The CTC model includes a controversial issue; cultured cells are not homogeneous but
will contain a-Cells and i-Cells in variable amounts depending on the medium used to
isolate them. The heterogeneity of cultured cells is well-known and will be heavily veri-
fied later. On the other hand, the difference between a-Cells and i-Cells may be min-
imal with no obvious physical transformation. The cells may be microscopically
identical and may require microarray, mass cytometry or similar techniques [60] to de-
tect genetic expression differences associated with the division of labour. The Couplet
Cells may differ only in minor detail - the octet of cells in embryonic development was
once believed to consist of identical cells.
An example of how the CTC model changes our understanding relates to the mol-
ecule derived from IGF-I by the loss of three N-terminal amino acid residues, the
highly active des(1–3)IGF-I. The current reason accepted for the higher activity of
compared to IGF-I, is that, because the desIGF-I does not bid IGFBPs very well, there
is more free desIGF-I to act on the IGF-I receptor, thus producing a high receptor-
mediated response.
In a CTC model, cultured cells would have been isolated in a medium containing a
significant amount of IGF-I from the fetal calf serum or equivalent. If the model
in Figure 4(b) is used here, the cells isolated would likely be predominantly i-Cells
because a-Cells are not stimulated to grow by IGF-I. Some a-Cells may be present
and they can be generated at any time by a change in the relative amounts of
IGF-I and the corresponding IGFBPn Trefone which form the IGF-I:IGFBPn com-
plex. The a-Cells potentially would be stimulated by the IGFBPn produced by the
i-Cells but this BP would be completely bound by the IGF. DesIGF is then not a
potent stimulator of a cell because of its high free concentration per se, rather, at
the same time, the cell monitors/detects a low concentration of TCC because of
the low association of desIGF and the IGFBP. Consequently, the cell interprets this
as a low concentration of IGFBPn (normally produced by that cell), so there is a
potent stimulation of growth of the i-Cells to divide by SCD to produce more
IGFBPn. As the time of growth (in days) continues and the IGF-I decreases slowly
and the IGFBPn increases slowly, there will be further changes in the cell compos-
ition as various SCD and AsCD options eventuate. It follows that with added IGF-I
or added IGFBPn to a cell culture, the cell type which is in the minority – and
there will always be some of both types present because of basal AsCD – may be-
come the majority cell type. The minority type would be stimulated to SCD to in-
crease its numbers, while the majority type would undergo AsCD to increase also
the minority type.
{Another alternative explanation has been offered for the lower biological activity of
IGF-I as compared with des(1–3)IGF-I as occurs in Ishikawa endometrial cancer cells
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with high levels of cell surface-associated IGFBP-3; it is the presence of cell surface-
associated IGFBP-3 (not the secreted IGFBP) which reduces IGF-I-induced IGF-IR-
signalling but not that of des(1–3)IGF-I [61]}.
Another dilemma, mentioned previously, is the number of growth factors and other
ICMs which have both stimulatory and inhibitory effects on growth. At least 50 ICMs
have this dual activity and these are listed in Additional file 1,4. While there may be
many reasons to explain some of these dual actions, as outlined in the File, a complete
explanation is lacking. The explanation from the perspective of the CTC model is that
one Trefone will stimulate one cell type of the couplet cells and may inhibit the other
cell type e.g. the a-Trefone will stimulate i-Cells but may inhibit a-Cells. The concentra-
tion of the Trefone complex, the TCC, will delineate effects.
(2) Supporting evidence for the model
(a) Binding proteins as Trefone
In the CTC model, soluble binding proteins are part of the Trefone couplet – they are
Trefones that carry a message of their own, separate from the message of the other
interacting Trefone. An IGFBPn, once internalised, carries a message just as IGF-I does.
Specific cells will have receptors for a specific IGFBP; perhaps for only IGFBP-1 or for
only IGFBP-5. While the Trefone carries a message, the responding cell will specify
the outcome of the consequent signalling, rather than the specific Trefone. Specifi-
city is principally a product of the transcription factor repertoire of a given cell at
the time of signalling. While it is the state of the cell rather than the nature of the
signal itself that determines the outcome of signalling [62], more specifically, the
concentration of Trefones, their relative ratio and the specific transcription factors
will control the cell’s reaction to the message. Trefone activation of a receptor (e.g. the
EGF receptor) controls the binding of two transcription factors in the Drosophila eye to
affect EGF signalling [63].
(b) Evidence for cell-membrane receptors for binding proteins/Trefones
(i) Preamble The presumption here is that a receptor for a particular substance would
mean that the cell has a particular purpose for that substance – it may be a an essential
metal ion, a favoured energy source, a substance that is required for metabolism that
the cell is incapable of synthesizing because it hasn’t the genes (e.g. a vitamin), or it
may be a messenger molecule. For the latter, if the molecule is not internalised, then
the receptor would need to be very specific to translate and transfer the message; if it is
to be internalised, the receptor would not need to be specific in that once the molecule
is intracellular then it can deliver its specific message directly or by formation of some
complex. In the latter case, the message becomes more specific and accurate in that it
is now contingent on the presence of two Trefones.
(ii) Receptors for IGF binding proteins/Trefones A typical description of an effect of
IGFBP on a cell activity (e.g. to stimulate or inhibit growth) is that it is partly
dependent on its binding to IGF-I, thereby preventing the IGF from binding to its re-
ceptor, and partly independent of this interaction, based on evidence using various IGF
analogs that bind receptor or IGFBP or both. Cell-, surface- or membrane-associated
IGFBP is often reported and this cellular binding is usually offered to explain the
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independent effects of a particular IGFBP. While some IGFBPs may be transiently
bound to the cell-membrane as they are being secreted from a cell at low temperatures,
there is now ample evidence to support the presence of a real receptor which binds an
IGFBP. A receptor for each IGFBP has been reported with some 35 reports of evidence
relating specifically to IGFBP receptors. See Additional file 1,7 “A Listing of Receptors
for the Six IGFBPs with Associated Cellular Effects, especially of Proliferation” for this
evidence. An IGFBP may then be a Trefone for specific cells.
This receptor binding may be specific for one or more of the IGFBPs or perhaps not
so specific. Again, this lack of specificity is not critical as the specificity of action can
be determined by the specific IGFBP once internalised.
The reception of an IGFBP message produces an intracellular activation of pathways
and signalling independent of IGF-I. IGFBP-5 stimulates secretion of IGF-I and growth
in human intestinal smooth muscle cells by activation of p38 MAP kinase-dependent
and Erk1/2-dependent pathways, not reliant on IGF-I [64].
Note that an IGFBP can both produce an intracellular metabolic response and play a
role in regulating cell proliferation. IGFBP-5 stimulates phosphorylation of the IGFBP-5
receptor [65] just as IGF-I stimulates the phosphorylation the Type 1 IGF receptor [66].
IGFBP-3 also stimulates the activity of an intracellular phosphotyrosine phosphatase ac-
tivity that deactivates insulin receptor substrate-1. This down-regulates the IGF-I signal-
ling pathway suggesting a major role for IGFBP-3 in regulating cell proliferation [67].
The CTC model would require that specific cells would react to only one Trefone
that bound IGF-I. There is ample evidence of this IGFBP specificity: In a breast cancer
cell line (MCF-7), IGFBP-3 stimulates a phosphotyrosine phosphatase activity that
down-regulates the IGF-I signalling pathway, This is specific to IGFBP-3 since IGFBP-5
(structurally the closest to IGFBP-3), had no such effect and, of the cells tested, the
IGFBP-3 effect occurs only in MCF-7 cells indicating that the stimulation is cell-type
specific [68].
Other examples of IGFBP specificity are seen with normal calvaria bone cells and an
osteosarcoma cell line. In calvaria cells, which produce IGF- I, only IGFBP-5 (of
IGFBP-2 to −6) stimulates DNA synthesis while in Saos-2 cells, which produce little
IGF I, only IGFBP-6 stimulates [69].
Overall, then, a specific IGFBP may be a Trefone for specific cells with an IGF the
couplet Trefone.
(iii) Receptors for other binding proteins/Trefones, including “Soluble Receptors”
Firstly, there is evidence that every ICM that is potentially a Trefone, has a soluble
binding protein, just as IGF-I has an IGFBP. There are many binding proteins for
ICMs that are synthesised and secreted normally with no apparent relationship
with receptor proteins. Other protein that bind ICMs are structurally related to
receptors, being derived either from the extracellular domain of the membrane
receptor by enzymic cleavage (shedding) or from alternative splicing of the precur-
sor mRNA; these are referred to as soluble receptors. Additional file 1,8 Note 1,
Table S1 “Extracellular Binding Proteins and Soluble Receptors”, contains some 60
examples of these, excluding the six extracellular binding proteins for Insulin-like
Growth Factor.
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Secondly, some of these binding proteins/Trefones have themselves been shown to
have cell receptors. Additional file 1,8 Note 2, Table S1 “Cell Receptors for binding Pro-
teins and/or Soluble Receptors” lists 14 binding proteins for which a receptor has been
detected, again excluding the IGFBPs. IGFBPs are not alone in being binding proteins
that may be Trefones.
(c) Evidence for receptors for extracellular binary complexes - ternary membrane complex
formation
(i) The IGF system – receptors for the binary complexes IGFI/II:IGFBPn –TCC re-
ceptors The presence of a membrane receptor for the extracellular complex of two
Trefones is one possible mechanism by which a cell could acquire the intelligence re-
quired for the assessment of the balance or imbalance of couplet cells. (An intracellular
complex is another option and this will be discussed later). For the IGF system, a mem-
brane receptor which internalizes the IGF:IGFBP complex would provide the necessary
information.
Indirect evidence for this was reported in proliferating cultured opossum kidney cells,
where, in separate experiments, labeled IGF-I and labeled IGFBP-3 were internalized
and rapidly transported directly to the nucleus. When cells were treated with both la-
beled molecules simultaneously, both localized to the nucleus in a synchronous man-
ner. The best interpretation was that there was an internalization of an IGF-I:IGFBP-3
complex and then nuclear translocation of the complex. IGFBP-3, which contains a nu-
clear localization signal (NLS), could act as a carrier for the complex, as IGF-I does not
have a NLS. In the individual cases, there was probably endogenous unlabeled IGFBP-3
and IGF-I present (respectively) to allow formation of a complex. The fact that des(1–3)
IGF-I, which binds the IGF-I receptor but not IGFBP-3, was not transported to the nu-
cleus supports the interpretation [70].
Other evidence supporting the presence of a TCC receptor for the IGF system is pre-
sented in Additional file 1,9 Note 1. “Further Evidence for the Existence of a Receptor for
TCC”.
Because of this indirect evidence for a receptor and because its existence could ex-
plain some other experiments, attempts have been made to identify positively this puta-
tive TCC receptor but without success [71,72]. Attempts may have failed because of
technical reasons: if the IGF is first bound to IGFBP by the crosslinker DSS (disuccini-
midyl suberate), then the amino groups through which the DSS crosslinks the TCC
may not be available for subsequent cross-linking of the TCC with the receptor. See
Additional file 1,9 Note 2 “Problems with Cross-linking Experiments” for further discus-
sion on this and other reasons for non-successful detection of receptors.
Overall, the reasons that a cell membrane receptor for extracellular TCC has not
been detected include the lack of a convincing search and the fact that the number of
receptor molecules need only be very low to sample the large concentration of TCC
that is present extracellularly compared to the individual Trefones.
(ii) Other ICM systems – receptors for other binary complexes Internalization of
ternary complexes is not unusual and there are even some examples of quaternary and
higher complexes involved in internalizations, including those involving co-receptors or
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receptor accessory protein (such as for IL-1 [73]) or the megalin complex [74]. It is ac-
knowledged that some internalizations may be involved in simple removal of “waste”
products and that evidence of a signalling response is needed following the internaliza-
tion of the complex. However, even an assumed waste product, the heme-hemopexin
complex with LRP/alpha 2-MR as its receptor, induced heme-oxygenase 1 mRNA tran-
scription and protein synthesis in cultured monocyte [75]. Further evidence supporting
the presence of receptors for a variety of complexes in other systems is presented in
Additional file 1,10 “Evidence for Binary Receptors aside from the IGF System”. Some 30
examples are given. Internalization of the TCC is therefore very feasible and it is the
favoured but not critical component of this current model because, as an
alternative, the TCC could form intracellularly, in addition to its extracellular for-
mation. [See Section 3 (a)].
(iii) Two receptors The CTC model explains the variability of the effects of Trefones
by the presence of two receptors - one cell-membrane receptor for one Trefone (either
aT or iT) and one for the extracellular (EC) complex of the two couplet Trefones (for
the TCC i.e. aT:iT). The relative intracellular amounts of one Trefone and the TCC
would direct cell stimulation or inhibition.
For the external-membrane receptor for the TCC, its binding site could be very simi-
lar in structure to the receptor that binds one or the other free Trefone. Just as an anti-
body prepared against aT could be expected also to bind the aT:iT complex (unless the
epitope of aT is obscured by the binding site of aT to iT), so there could be some recep-
tor cross-reactivity between a free Trefone and the bound Trefone in the TCC complex.
Receptor A may bind the aT with high affinity, while Receptor B, which binds aT:iT with
high affinity, could bind aT with low affinity. The evidence for two receptors, one with
high affinity to bind one Trefone and one with high affinity to bind the TCC, is not dir-
ectly available but there is ample evidence for the existence of two receptors (at least)
for many ICMs. Often the receptors are shown to have a high-affinity and low-affinity
binding sites for a specific Trefone. While the presence of these two (or more) recep-
tors can be explained in other ways (Trefone or cell specificity; synergistic, permissive
or modulatory effects, glycosylation differences), the view here is that the receptor with
high affinity is the true receptor for the Trefone and the one with low affinity is in fact
the TCC receptor. Further evidence supporting the concept of a receptor for a TCC is
presented in Additional file 1,11 “Evidence for the Presence of Two Receptors for a Par-
ticular Trefone, outside the IGF System” with reference to some 30 ICMs.
While more defined knowledge of the receptors is known for some of the cases in
Additional file 1,11 the emphasis is on the existence of one receptor which binds one
Trefone with high affinity and some other receptor that binds it with low affinity, pos-
sibly indicating the binding by this latter receptor of the TCC (with high affinity). The
existence of a TCC receptor is then not inconsistent with the known variability of the
number of receptors or of receptor sites.
(d) Evidence for internalization, intracellular signal transfer and nuclear location
(i) Endocytosis of ligands, receptors and their nuclear localization (NL) Firstly, a
Trefone can affect cell metabolism by causing receptor phosphorylation with
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subsequent transmission of a message to activate or inhibit pathways of metabolism
perhaps via a receptor kinase and downstream phosphatidylinositide 3-kinases (PI3Ks)
and/or mitogen-activated protein kinases (MAPKs). Secondly, a Trefone can also affect
cellular proliferation which is also regulated by these specific activated PI3Ks and/or
MAPKs which translocates the message into the nucleus. The message is then trans-
lated into gene expression effects. The concentration of certain intracellular enzymes
may then be altered by modifications to the level of their DNA transcription and/or
RNA translation firstly to maintain or enhance a specific proteomic state for the cell
and secondly, if necessary, to direct the choice of type of cell cycle dependent on the
ratio of the signals, via DNA/chromosomal changes. Nuclear transfer of the message
carried by each Trefone is critical for both functions.
In some cases, it has been shown that activation of receptor tyrosine kinase, internal-
ization and nuclear localization of a Trefone (e.g. FGF-1) are required for stimulation
of cellular proliferation [76,77]. However, while receptor autophosphorylation is part of
the metabolic effect, it may be dissociated from a growth-factor mediated mitogenic re-
sponse in the case of PDGF [78]. Again, this nuclear localization seems to be necessary
for the mitogenic response of Schwannoma-derived growth factor (of the EGF family),
but not for the early response involving the activation of “early” genes (NGFI-A and c-
fos) [79].
Information in Additional file 1,12 Note 1 “Mechanisms of Nuclear Localization” ex-
pands on the evidence for NL with emphasis on possible mechanisms.
(ii) Evidence for NL relating to the Trefones IGF-I/II Proliferating opossum kidney
cells internalize IGF-I and transport it directly to the nucleus, in contrast to resting
cells where IGF-I is internalized by a clathrin-coated pit pathway and conveyed to
endosomes [70].
IGF-I has been shown to translocate into the nucleus of epithelial cells from chicken
embryonic lens but not into the nucleus of fiber cells that were derived from the differ-
entiation of those epithelial cells [80]. There is also evidence that IGF-I induces nuclear
translocation of IRS-1 (a down-stream effector of IGF-I) to the nucleoli within special
fibroblast cells transfected with IGFI-R [81]. In addition, IGF-I does cause nuclear ef-
fects relating to cell division; in oligodendrocyte progenitor cells, IGF-I promotes nu-
clear localization of cyclin B/cdk1, a complex that regulates progression through G2
and entry into mitosis, as well as of Cdc25C, an activator of cdk1 which then enhances
progression through G2/M to cell division [82].
(iii) Evidence for NL relating to the Trefone receptor, IGF-I receptor A receptor
that is found to be localized in the nucleus may have translocated there of its own ac-
cord or it may have been co-transferred with a Trefone/ligand. The experimental ap-
proach has often focused on the detection of only the receptor and not both the
receptor and Trefone/ligand so that there is no way of knowing if the complex is
present or not. On the other hand, a receptor molecule alone may carry a message
transferred from a Trefone molecule and may simply transfer the signal into the nu-
cleus in the absence of the Trefone itself.
Early evidence of a nuclear translocation was obtained with cultured keratinocytes;
after the addition of IGF-I to these cells, most receptors appeared within the cytoplasm
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in a perinuclear location whereas, in the absence of IGF-I, receptors were located at the
cell surface [83]. At the same time, IGF-I receptors were detected in the nuclei of ham-
ster kidney cells [84].
Regulated by IGF levels, cell-surface IGF-IR translocated to the nucleus following
clathrin-mediated endocytosis. Nuclear IGF-IR was present in renal and breast cancer
cells and in nonmalignant tissues characterized by a high proliferation rate. In addition,
the nuclear IGFR was phosphorylated in response to IGF-I, it was bound to chromatin
and acted directly as a transcriptional enhancer [85].
IGF-I dependent nuclear translocation of receptor was also reported in melanoma
cells but the receptor was first modified by small ubiquitin-like modifier protein-1
(SUMO-1) before its association with enhancer-like elements to increase transcrip-
tion [86].
In contrast to the above, it has been shown that IGF-IR localizes to the nucleus
of corneal epithelial cells and is associated with nuclear chromatin, but this ap-
peared to be independent of IGF-I in that neither IGF-I withdrawal nor IGF-I
stimulation altered nuclear IGF-IR [87]. Again, IGF-IR translocates to the nucleus
in breast cancer cells and IGF-IR stimulates IGF-IR gene expression [88]. In orbital
fibroblasts from patients with Graves’ disease, IGF-I and just the alpha subunit of
the IGF-I receptor {derived from the full receptor (α, β) by a membrane protease}
appear in the nucleus [89].
Overall, the evidence for receptors in the nucleus could be interpreted as being a
feed-forward effect where, if there is more ligand/receptor internalization and inad-
equate recycling of receptor, then there will be more stimuli to produce more receptor
de novo.
(iv) Evidence for NL relating to the Trefones IGFBP-1… IGFBP-6 There have been
several reports of nuclear localization of IGFBPs, specifically relating to IGFBP-2, −3
and −5. Of course, nuclear localization is necessary but not sufficient to prove intranuc-
lear activity affecting cell division; functional roles of nuclear localization needs to be
established. See Additional file 1,12 Note 2 “NL of IGFBPs”.
(v) Evidence for NL relating to the other Trefones and ICMs and their receptors
There are numerous reports of NL for a variety of ICMs with and without their recep-
tors. The cellular effects are often mediated by chromatin interactions but it is not pos-
sible to deduce that it is just the receptor or just the ligand that influences these
effects. See Additional file 1,12 Note 3 “NL of Potential Trefones other than those of the
IGF System” for evidence relating to these issues.
(vi) Conclusion There is ample evidence for nuclear localization of Trefones (e.g. IGFs,
IGFBPs and other potential Trefones) and their receptors. The presence of receptors in
the nucleus would be explained here as a means of regulating the synthesis of receptors
for the cell surface and thus control metabolic reactions; the presence of either free aT
or free iT or of the aT iT complex (TCC) in the nucleus would regulate the transcrip-
tion of genes for cell division.
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(e) Evidence for couplet cells
(i) A Mechanism for the formation of couplet cells – asymmetric cell division
(AsCD) AsCD is widespread in nature (as documented in (A) Section 2) and with dual
LCDf (Lineage Commitment to Differentiation), couplet cells could readily be pro-
duced. Cell types are usually identified by the use of membrane proteins and/or use
Cluster of Differentiation (CD) markers so there is an expectation that progeny cells
from AsCD will differ in their membrane proteins, and it is plausible that their types of
membrane receptor molecules will differ.
Precarious equilibrium of life is sustained by individual cellular adaptation plus vari-
ation in cell numbers by SCD and AsCD both of which also balance cell deaths. The
key to life may be in the balance and harmony of cell types with each type performing
specific functions to make the multicellular organism a multifunctional entity. This
CTC model suggests the formation of two coupled cells (an “a-Cell” and an “i-Cell”)
from the parent “o-Cell” by AsCD. For the IGF system (See Figures 3 and 4), this could
involve IGF-I (an aT, produced and secreted by a-Cells) and one IGFBP (IGFBP-n, an
iT, produced and secreted by i-Cells). i-Cells would have a receptor for IGF-I, while the
a-Cell would have a receptor for the IGFBP-n. Receptors for the TCC (the IGF-I:
IGFBP-n binary complex) would be on both cells but because of the predominance of
the complex, compared to the concentration of free IGF-I and free IGFBP, very few
TCC receptors would be needed to monitor the extracellular concentration of TCC.
(ii) Examples of potential “a” Cells and “i”cells as evidence for this CTC model
Cells controlled by the IGF system
The literature data on the effects of components of the IGF system are enormous
and confounding as documented partially above. Our understanding is limited to se-
lective pockets of information and there is no all-embracing umbrella theory to explain
the myriad and maze of confusing results and some examples follow. IGFs are often
stimulators of proliferation but sometimes inhibitors [90]. With a cell line from a
Wilms's tumour, the addition of IGF-I or -II inhibits growth over four days and this is
apparently specific as the addition of IGFBP-2 removes this growth inhibition [50].
IGFBPs are also inhibitors of growth by virtue of their ability to complex IGFs and pre-
vent their stimulatory properties, but, independent of this binding, IGFBPs may inhibit
or stimulate, perhaps by their own receptors as described in Additional file 1,7 Table
S1. IGFBP-5 is an inhibitor of proliferation of mink lung epithelial cells [91] yet it is a
stimulator of osteoblast-like bone cells [54]. IGFBP-2 exhibits both properties also [92],
with opposing effects on different cell types - sometimes pro-proliferative, sometimes an
inhibitor of proliferation [93], with conflicting roles in suppressing the growth of normal
prostate epithelial cells, while enhancing the growth of prostate cancer cells [94].
It is proposed here that the current explanations used to understand the complicated
IGF system are inadequate partly because our understanding of cancer cell growth is
inadequate. Experimental results are derived mostly from in vitro studies where firstly,
a variety of cell lines have been used, often derived from cancer or immortalized cells
where extrapolation is made to normal cell behaviour, and secondly, the activity of cells
is monitored in synthetic and ill-defined media and sometimes at extreme concentra-
tions. A further potential inadequacy is added here; that the cultured cells are not
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homogeneous perhaps initially and probably not after 1–6 days of growth. The asser-
tion here is that the cells are initially, predominantly of one type, the a-Cell type or the
i-Cell type. With growth in the 1–6 days of experimental observations, a mixture of
asymmetric and symmetric cell divisions may create a heterogeneous mixture of cells.
Dependent on the presence or absence of the Trefones either provided in the medium
or produced by the predominant cell type, a predominantly a-Cell population may be
converted to a predominantly i-Cell population or vice versa or conversion may occur
to produce a final cell population of 50:50 or anywhere in-between. The following Sec-
tion (iii) details evidence of heterogeneity of cells cultures.
The CTC model is again described in Figure 5. Some preliminary examples and ex-
pectations of this “a-Cell and i-Cell” model follow, with respect to Trefones IGF-I/II
and IGFBP-n, before a detailed description of evidence is provided. In the following,
both a-Cells and i-Cells are present but one cell type predominates. With cell division
by appropriate SCD and/or AsCD, cells of one predominant type can decrease with in-
crease of the other or both can growth. If the a-Cell cannot produce the i-Cell by AsCD
or SCD (or vice versa) as possibly in a cancer cell line, then anomalies will be observed.
a-Cell Predomination – Proliferating of a-Cells occurs with IGFBP-n as a stimulant
and growth should be inhibited by the presence or addition of IGF which would reduce
the Free IGFBP-n by formation of the complex IGF:IGFBP-n.
The IGFBP-n is then a stimulant if the IGF:IGFBP-n concentration is limited. For ex-
ample, IGFBP-3 induces cell growth in a dose- and time-dependent manner in vitro, in
three metastatic/highly aggressive colon carcinoma cell lines [95].
The IGFI/II inhibition should be blocked by IGFBP-n. This is observed when growth
of a colon carcinoma cell line is inhibited by IGF-I/II and the inhibition is blocked by
concurrent addition of IGFBP-3 [96]. High levels of the TCC would inhibit growth as
high TCC signals will pass a message that high growth of both cell types has occurred.
i-Cell Predomination - Proliferating occurs with IGFI/II as the stimulant and growth
should be inhibited by the presence or addition of IGFBP-n which would reduce the
Free IGF by formation of the complex IGF:IGFBP-n.
IGFI/II is then a stimulant if the IGF:IGFBP-n concentration is limited. This is the
normal “growth factor” effect of IGFI/II for which it was named
The IGFBP-n inhibition should be blocked by IGFI/II. Prior inhibition of IGF-
responsive colon tumor cell line by IGFBP-2 was reversed by the addition of IGF, while
Figure 5 Couplet cells with Trefones IGF-I and IGFBP-n and their membrane receptors. One Trefone
added to one cell type stimulates the production of the couplet Trefone. IGF-I from the a-Cell will stimulate the
production of an IGFBP by the i-Cell, and conversely. This is similar to FIGURE 3(b). (In another couplet of cells,
IGF-II would bind its own specific IGFBP-n).
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the lower growth activity, measured in transfected embryonic kidney clones secreting
IGFBP-2, was compensated in great part by the administration of IGF-I or –II [97].
The addition of IGFBP-2 produces less proliferation by binding IGF-I. This is the inter-
pretation of results of studies with an intestinal epithelial cell line derived from rat je-
junal crypts. Two IGF-I analogs which have a reduced affinity for IGFBPs, exhibited
10-fold greater potency than IGF-I, presumably because, with growth, endogenously se-
creted IGFBP-2 depresses the Free IGF-I available to bind cell receptors and cause cell
division [98].
For the IGF system, the a-Cell Type and the i-Cell Type could be identified by the
following list of properties.
(1) For the a-Cell Type:
(i) The cells will have receptors for the IGFBPn but will not produce the IGFBPn (iT).
(ii)The cells will produce and secrete IGF-I/II (aT).
(a) And have receptors for the specific IGFBP-n.
(b) But have no receptors for IGF-I/II.
(c) But will not produce nor secrete IGFBP-n.
(iii) IGFBP-n will stimulate IGF-I/II protein/mRNA production by a-Cells; IGFBP-n
receptor is presumed present.
(iv) IGFBP-n will normally stimulate proliferation of a-Cells; IGFBP-n receptor is
presumed present.
(v) IGFBP-n will inhibit proliferation of a-Cells if in excess of a high level of IGF-I/II.
(vi) The cells will have receptors for the specific IGFBP-n (iT) but not for IGF-I/II;
IGF-I/II will inhibit proliferation of a-Cells by binding IGFBPn.
(vii) The cells will have no IGF-I receptor and not secrete IGFBPn.
(2) For the i-Cell Type;
(i) The cells will have receptors for IGF-I/II but will not produce the IGF-I/II (aT).
(ii) The cells will produce and secrete the specific IGFBP-n (iT).
(A Specific IGFBP may be assumed to be the specific Trefone for the cell).
(a) And have receptors for IGF-I/II.
(b) But have no receptors for the specific IGFBP-n.
(c) But will not produce and secrete IGF-I/II.
(iii) IGF-I/II will stimulate IGFBP-n protein/mRNA production by i-Cells; IGF-I/II
receptor is presumed present.
(iv) IGF-I/II will stimulate proliferation of i-Cells; IGF-I/II receptor is presumed
present.
(v) IGF-I/II will inhibit proliferation of i-Cells if in excess of a high level of
IGFBPn.
(vi) The cells will have receptors for IGF-I/II but not for the specific IGFBP-n;
IGFBP-n will inhibit proliferation of i-Cells by binding IGF-I/II.
(vii) The cells will have no IGFBPn receptor and will not secrete IGF-I.
Extensive evidence is offered in Additional file 1,13 “Detailed Description of Evidence
Supporting the Existence of a-Cells and i-Cells” to support the concept of a- and i-
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Cells, with reference to the above list of expected properties. The selective evidence is
consistent with the proposed model and is chosen from a variety of cell types from a
wide range of published information. The evidence has been pieced together by select-
ively picking snapshots of cellular activities to form a whole picture - a montage, from
a mountain of often disparate and incongruous activities of a variety of often cancer-
derived cells which have been stimulated to function perhaps in unnatural circum-
stances. The selection of data has been biased in order to produce the CTC model of
what normal cells may do in normal organisms.
With the information from Additional file 1,13 it is possible to allocate cells into
an a-Cell type or an i-Cell type. This is presented in Additional file 1,14 “Summary
of Candidates with mainly a-Cell-Type or i-Cell-Type Characteristics” with
additional Notes 1–11. It is noted that some of the differences in results could be
due to a change in the cell types within the course of the experiment due to vari-
ation in cell-division types. The extent of change would depend on the content of
the media and the experimental additives.
While an a-Cell and the couplet i-Cell may exist in close proximity in a tissue, they
may also be separated within the body. One cell could be localized in the thyroid, pi-
tuitary gland or endometrium and the other in the liver. Certainly hepatocytes and
other liver cells are very heterogeneous [99-101] and a specific individual Trefone
could be produced by a specific cell type within the liver and other organs/tissues;
there may be specific cells for the various binding proteins produced by the liver e.g.
corticosteroid-, thyroxine- and sex hormone- binding globulins (CBG, SHBG, TBG).
This separated locality could occur if the couplet cells were formed early in embryo-
genesis leading to separation within the adult body. Mobile cells in the blood and
lymphatic system could also be identified as a-Cells or i-Cells.
Cells controlled by systems of ICMs other than the IGF system
There are many examples of cells and cellular properties that respond to other potential
Trefones outside of the IGF system. Evidence that supports the CTC model is presented:-
an aT is produced in one cell type and the receptor is present in a different cell type; an iT
is produced by, and the receptor for the aT is present in, the same cell type; the receptor
for an aT is present in a cell type but the cell does not produce the aT; one Trefone added
to a cell type stimulates the production of the couplet Trefone. There are also some
specific examples of Couplet Cells and Couplet Trefones in the evidence presented in
Additional file 1,15 “Interacting Cells and Trefones not associated with the IGF System”.
(iii) Reservations concerning the validity of experimental interpretations derived
from cell-culture studies
Heterogeneity/variability of cells in culture
How is it known that a pure culture of cells is used in an experiment?
Cell lines may be contain a mixture of similar cells or contaminating cells or be misiden-
tified or even replaced by cells derived from a different individual, tissue or species, as dis-
cussed in Additional file 1,14 Note 5. Further, during growth over a period of several days,
a minor species or type may become dominant if the conditions favour its proliferation
over the originally major species or type. Numerous examples of reported heterogeneous
cultured cells are listed in Additional file 1,16 “Examples of Heterogeneity/Variability of
Cells in Culture”.
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If heterogeneity of cell lines is a major factor, then many incongruous results may be
explained, including confusing the inhibition/stimulation effects of Trefones. Hetero-
geneity with just two or three types of cells present (a-Cell, i-Cell and possibly o-Cells),
is a necessary requirement for the CTC model, but, of course, heterogeneity is not suf-
ficient to prove the existence of couplet cells.
Are cell lines appropriate models for an understanding of normal cell activities?
The facts that immortalized cells are often transformed cells and often give rise to tu-
mors when injected into animals are a clear indication of the abnormality of cell lines.
Cancer cells generally have an abnormal karyotype with an abnormal numbers of chro-
mosomes (polyploid or aneuploid) and with abnormal changes in chromosomal content
due to translocations, deletions, duplications and/or inversions.
It follows that the cellular characteristics detected in experiments with cell lines will be
misleading, in part, when trying to paint a picture of a normal cell in real life. This is elab-
orated on in Additional file 1,17 “Cell lines are not Typical of Normal Cells; Warning -
Deductions with Care”. For example, in terms of gene expression, tumour cell lines are
further removed from tumour tissue than tumour tissue is to normal tissue [102].
(iv) The concept of a-cells and i-cells, identified by the presence or absence of a
cell membrane receptor and secreted Trefones The CTC model requires the pres-
ence or absence of two receptors of different types to distinguish between coupled cell
types. One cell would be identified as iR⊕, aR⊖ and the other iR⊖, aR⊕. Further
receptor-markers would be added as the cell line expands. This concept is not incon-
sistent with the immuno-identification of leucocytes and other cells by the presence or
absence of a Cluster of Differentiation (CD) cell markers or other cell-surface proteins.
There are many examples of CDs that are receptors and this is emphasized in
Additional file 1,18 “Cell Receptors and Cell Markers”. The presence or absence of recep-
tors can then be used to delineate populations along with the ability (or not) to secrete
specific proteins or other ICMs.
(v) A specific example of couplet cells and couplet Trefones The current model has
two Trefones and two coupled cells with appropriate receptors in a double paracrine
loop. The following evidence, relating to the IGF system supports this model.
Figure 6 Mouse preimplantation embryos. (Reproduced with permission). (A) light microscopy to detect
cells. (B) fluorescence microscopy to detect IGF-II receptor. (Figures 3, 4, 5 and 6 refer to Fertilized egg, 2-, 4- and
8-cell embryos).
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IGF-II is suggested to be the specific embryonic growth factor [103] and the IGF-II
receptor is detected in exactly half the cells derived from the zygote [104]. Within this
latter publication, Figures 3A to 6B (p.1058) show fixed and stained mouse preimplan-
tation embryos. Figure 6 here, shows a copy of these results. This evidence clearly
shows that only one cell of the 2-cell stage (4A versus 4B), two cells of the 4-cell stage
(5A versus 5B) and four cells of the 8-cell stage (6A versus 6B) have the receptor for
IGF-II. This is exactly the expectation of the CTC model and this is decisive evidence
to support it. The publication [104] states “In the majority of early cleavage stage em-
bryos observed, there was a greater degree of staining on ~ 50% of the blastomeres
present (Figures 4, 5 and 6)”.
The other expectation is that only half (the other half ) of the cells would produce
and secrete IGF-II. IGF-II is expressed in early embryonic cells [105] in increasing
amounts from the fertilized egg and from the 2-, 4- and 8-cell embryos as expected but
the immunohistochemical evidence presented in this study refers only to the 2-cell and
the 8-cell. The 2-cell does show a definite difference in stain for cellular IGF-II between
the two cells but the 8-cell does not show a 4:4 clear difference. Rather, four are clearly
stained as expected but another two are less stained, with the other two not discernible.
However, it must be noted that cells with a receptor will also have some internalised
IGF-II from receptor-mediated uptake, making it difficult to distinguish between a-
Cells that synthesise and secrete IGF-II and i-Cells that internalise and degrade it. The
two cells with less stain may have internalized some extracellular IGF-II. Apart from
the less-than-perfect demonstration of the distribution of IGF-II, there is also a need to
identify exactly that cells that produce the GF-II are the ones with absent IGF-II recep-
tors. This would be needed to confirm directly the CTC model.
Internalization of a substance derived from another cell is a real issue in other similar
situations. uPA (urokinase plasminogen activator) is detected in endothelial cells of
tumour stroma but it is actually derived from fibroblastlike cells and internalized by
the endothelial cells [106].
In both cases, the presence of the relevant mRNA would be more discerning than the
presence of the protein itself.
(f) Evidence for couplet Trefones and/or couplet cells
(i) Examples of couplet Trefones with known couplet cells The CTC model requires
two specific Trefones that bind each other, and two coupled cells presumed to be de-
rived from asymmetric cell division. Two examples are presented here.
(a) Insulin from Beta Cells and Glucagon from Alpha Cells of the Pancreas
(b) Gastrin from G-Cells and Histamine from ECL Cells, especially of the Stomach
Additional file 1,19 “Defined Couplet Cells for (I) Insulin and Glucagon and (II)
Gastrin and Histamine” contains the evidence of couplet cells for these Trefone
couplets. The evidence includes the reciprocal stimulation of secretion of Trefones
and the reciprocal stimulation of proliferation of each cell type by the Trefone of
the other cell. The evidence is very consistent with the CTC model.
(ii) Examples of couplet Trefones (not binding proteins) with potential couplet
Trefones but unknown couplet cells The evidence presented here to support the CTC
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model is focused just on the coupling of Trefones, because, aside from alpha and beta cells,
along with G-Cells and ECL-Cells, potentially coupled cells have not been identified.
Additional file 1,20 “Potential Couplet Trefones” contains evidence for the following
Trefone Couplets:-
(1) Dopamine and Neurotensin
(2) Serotonin and ACTH
(3) CGRP and IL-1
(4) Other Possible/Potential Examples:- Follistatin and Myostatin; Uteroglobin and
Progesterone; Rankl and Osteoprotegerin; Sarcolectin and Migration Inhibitory
Factor; Glutamate and Acetyl Choline; Wnt Interactants.
The evidence presented is consistent with the CTC model but there are gaps in the
knowledge from lack of directed experiments to assess the expected properties of coup-
let Trefones and couplet cells.
(iii) Other evidence that is consistent with this CTC model There are a number of
other examples of ICMs and cells which have properties expected of components of
the CTC model. When some of these examples are taken individually, they may seem
of less consequence, but, in total, they reinforce the more specific examples above and
expand the scope of the model. Additional file 1,21 “Further Examples of Potential
Trefone Couplets and Potential Cell Couplets” contains a variety of examples not incon-
sistent with the CTC model.
(3) Variations and extensions of the model
(a) An alternate of the model; measurement of the complex (TCC) or free Trefone
One purpose of the formation of TCC is to allow a relative count to occur to ensure har-
mony of couplet cells. An alternative to the detection of an extracellular TCC by a mem-
brane receptor within the CTC(EC) model, would be that the TCC forms in an
intracellular (IC) compartment to allow a “count” to assess Trefone balance – the CTC(IC)
model. The TCC would be formed between one nT, synthesized by one n-Cell, and the
other nT, internalized by receptor into that cell but derived from the other couplet cell.
Such intracellular contact between the two nTs and the formation of an intracellular TCC
could occur in a common compartment of the endoplasmic reticulum (ER) or within the
Golgi Network (GN). Given that secretion occurs via the ER and the GN, and receptor-
internalization occurs via endosomes with possible retrograde transport [107,108], the idea
of an intracellular (IC) compartment for the formation of TCC is feasible. A certain
amount of the normally secreted Trefone (aT) or a derivative would be hived off to interact
with incoming iT.
If, in the a-Cell, which synthesizes and secretes aT and endocytoses iT, the two Trefones
interact in a common IC compartment to form an IC TCC, the consequent concentration
of TCC and the Free aT and the Free iT from the equilibrium will reflect the balance of Tre-
fones. For example, a high level of Free iT translocated from that common compartment
to the nucleus with a low level of TCC, would indicate a deficiency of aT and produce a
stimulation of aT synthesis or even a major cell change e.g. cell division.
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FGF and its binding protein IGFBP may be an example of this. The major isoform of
fibroblast growth factor 3 (FGF-3) is partially secreted and partially distributed into the
nucleus [109]. This could be in keeping with an a-Cell that synthesizes and secretes the
aT (FGF) but with some hived-off into a nuclear compartment where it comes in con-
tact with incoming iT (endocytosed FGF binding protein, FGFBP). FGF-2 could be dif-
ferent. It occurs in more than one form, with a 18 kDa form that is cytoplasmic and
two forms (21–23 kDa) that are nuclear [110]. The difference is a 37-amino acid nu-
clear localization signal so that the larger form could interact with the FGFBP to form
the IC TCC. The other half of the CTC model would also occur; cells that synthesize
FGF receptor-1, also produce an IC FGF binding protein – a truncated receptor
(FGFBP) which localizes to the nuclear membrane [111]. FGF receptor-related proteins
migrated multidirectionally within chondrocytes: receptor accumulated in plasma and
nuclear membranes, while truncated receptor was detected on the nuclear membrane
[111]. These latter cells would correspond to i-Cells where some of the FGFBP pro-
duced and retained in the cell could interact with incoming FGF (aT).
Some steroids have intracellular receptors in specific tissues. Estrogen receptor,
ER (alpha or beta), with bound ligand (estrogen, E) will activate gene transcription
in i-Cells. The CTC model would require that the concentration of this ER:E com-
plex in a particular i-Cell would be controlled by the level of free E, after internal-
ization of extracellular E synthesized from the a-Cells. The level of free E would in
turn be controlled by the presence of intracellular SHBG, its Trefone couplet, syn-
thesized by that individual i-Cell. Indeed, SHBG is colocalized with ER in epithelial
and muscle cells of Fallopian tube tissues with SHBG of both, intra- and extra-
cellular origin [112].
Certainly the CTC(IC) model and possibly the CTC(EC) model would require an IC
compartment for assessment of the extracellular balance of Trefones and thus, by ex-
trapolation, the balance of cells. In both cases, the TCC binary complex may directly
affect nuclear activity.
Binary complexes are known to interact with DNA or transcription factors to regu-
late cellular activity. Additional file 1,22 “Examples of Cellular Regulation by Com-
plexes” contains some examples of these complexes, in general, which have an effect on
cellular activity by interaction with nuclear components. The alternative option that the
free levels of Trefones affect nuclear activity is still feasible as discussed for estrogen.
Overall, while the intracellular formation of a complex of aT and iT is feasible and the
TCC could be nuclearly active, the advantage of the measurement of extracellular TCC
is that it allows the cell to assess the dual production of Trefones by the whole family
of a-Cells and i-Cells rather than just by individual cells. Of course, even if there is no
input from a receptor-mediated uptake of the complex into the re-equilibration that
occurs intracellularly, an extracellular complex will still form to restrict the amount of
incoming free Trefones.
(b) Variations of the model; other intercellular communication mechanisms
(i) Trefones:- enzymes with anti-enzymes A variation on the basic CTC model is to
include an unexpected type of Trefone, namely proteolytic enzymes. This inclusion is
focused on their interaction with anti-enzymes (protease inhibitors) and is not related
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to their enzymic activity as such. Each couplet of enzyme and inhibitor binds to form a
complex, a TCC, and each has proliferative abilities outside their catalytic and anticata-
lytic activity. Evidence for the following potential couplets is presented in Additional
file 1,23 “Proteolytic enzymes and their inhibitors (mainly)”.
1. Elastase and Alpha-1-antiprotease
2. Matrix Metalloproteinases (MMPs) and Tissue Inhibitors of Metalloproteinases
(TIMPs):
3. Kallikrein and Kallistatin (=Kallikrein Binding Protein)
4. Thrombin and Antithrombin III
5. Plasmin and Alpha-2-antiplasmin
6. Other Possible/Potential Enzymes as Trefones
The evidence for the CTC model is not particularly strong in these pairs but again the
data are consistent with the model although, again, lacking in directed experiments to
assess the properties expected within the model.
(ii) Trefones and classes of couplet cells – the CTC model expanded To this point,
the CTC model has, in terms of chemical communications, involved the interaction of
soluble couplet Trefones and the requisite formation of a complex (aT:iT). The purpose
of the TCC is to connect the interaction of two couplet cells where these cells were de-
rived from asymmetric cell division. This is the heart of the CTC model.
However, there are other possibilities, although with less evidence to support them. The
CTC model described is expanded here into a larger group of modes of communications
where possibly, a reciprocal dependence between cells is maintained. For this speculative
expansion of the model, the definition of Trefone is expanded to include Trefones that
are membrane bound i.e. Fixed Trefones. The Fixed Trefone will still have two functions.
Firstly, it may either contribute to intercellular binding or directly affect metabolism as
previously. Secondly, it would still have an intracellular effect to induce a change in cell
fate. A soluble Trefone would normally be part of a couplet of Trefones derived from, and
controlling, reciprocatively, a couplet of cells via internalization of these Trefones. A Fixed
Trefone could also be part of a couplet Trefone and couplet of cells if they form a double,
reciprocal communicative interaction to induce especially a change in cell fate. In
Additional file 1,24 “Expanded Definition of ‘Trefone’ and Classes of Couplet Cell Interac-
tions”, seven classes of cellular activities are proposed including Fixed- and Soluble-
Trefone interactions and shedding or regulated intramembrane proteolysis. In addition,
the possible interaction of other proteolytic and transferase enzymes, along with proTre-
fones and derived Trefones are incorporated into intercellular signalling couplets.
(c) Extensions of the model
(i) Couplet progeny and secondary Trefone couplets The formation of a multicellu-
lar organism from a fertilized zygote likely involves AsCD from the first cell division
[113] with subsequent repeated rounds of AsCD and SCD within lineages. Thus, using
Couplet Cells and the proposed Trefones, there can be a critical balance and control to
the growth of cells in the early stages of development which is continued into the adult
with a reserve of stem cells and other pluripotent precursor cells. Some of these cells
Craven Theoretical Biology and Medical Modelling 2014, 11:40 Page 31 of 47
http://www.tbiomed.com/content/11/1/40
are stashed as safeguards for emergency use on the journey to the complete organism
and all are essential for turnover, maintenance and repair of tissue and organs inces-
santly until death. However, the balance is not only between two cell types which are
harmonized by their primary Trefone couplet. A lineage of cells, derived from an a-Cell
early in the lineage, will need control molecules at every level of differentiation – there
would be a need for secondary, tertiary, quaternary … couplet Trefones and even
cross-linking Trefones.
A secondary couplet of cells would refer to the two progeny of an a-Cell derived from
a subsequent AsCD. These two a-cell descendants would still produce the a-Trefone re-
quired by the i-Cell of the original couplet (and would have the receptors for the i-
Trefone) but the progeny would also be a coupled as new, more differentiated a- and i-
Cells. The new couplet cells would now have their own primary couplet Trefones but
each would still produce the now-secondary a-Trefone. These couplets are further dis-
cussed in Additional file 1,25 Note 1 “Extended Trefone Couplets”.
There are many examples of the synergistic effects of two hormones. These could be
explained by primary and secondary levels of Trefones. Both IGF and EGF interactions
regulate epidermal growth and hyperproliferative skin diseases [114]. An IGF will also
promote proliferation of chromaffin cells by itself but acts synergistically with FGF-2
and NGF [115]. In addition IGF promotes proliferation of rabbit aortic smooth muscle
cells [116] and of oligodendrocyte progenitor cells [117] and acts synergistically with
FGF-2 for both types of cells. IGF-I and estrogen act independently and synergistically
on breast cancer cells (e.g. estrogen receptor alpha- positive MCF-7 cells) [118].
Cells existing without their primary or secondary Trefones may dedifferentiate to a
previous stage in the lineage. In this dedifferentiation, cells do not simply lose the ma-
ture coupled-cell phenotype. The couplet cells must actively reverse the normal differ-
entiation program to revert to an earlier stage of the lineage dependent on the
remaining Trefones in the environment.
(ii) Cells that go it alone - Singlet cells Some “labour” tasks are performed by single
purpose, “disposable” cells. For example, mammalian erythrocytes are terminally differenti-
ated cells and survive on average 120 days in humans. They derive from reticulocytes
which themselves do not divide [119] but they are genetically programmed to change into
the erythrocytes. Reticulocytes would be singlet cells as they have no couplet cells. The
properties of singlet cells are further discussed in Additional file 1,25 Note 2 “Singlet Cells”.
Other examples of singlet cells may exist. A self-sufficient organism would be impervious
to hazardous substances or other life forms in the environment. In reality, a human has al-
lergic and immune responses to counter harmful components of the environment. It may
be then that there can be multifunctional singlet cell equivalent to a half of a “Cell and Tre-
fone Couplet”. A B- or T-cell could have a receptor to a foreign molecule which stimulates
the release of an antibody to form a complex with the antigen. As a half of a “Cell and Tre-
fone Couplet”, this cell with an antigen receptor would also have a receptor for the
antibody-antigen complex. Certainly some cells have receptors for antibody-antigen com-
plexes - many lymphoid or myeloid cells, such as B lymphocytes, macrophages or dendritic
cells do [120]. The receptor-mediated uptake of the complex (equivalent to a TCC) could
stimulate the formation of more singlet cells by SCD.
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(C) Conclusions
Preamble
The starting point for the model offered here is basic. The two types of cells derived from
an asymmetric cell division are connected by Trefone interactions. This coupling continues
in the progeny throughout the lineage, adding complexity to the ability of cells to respond
to extracellular messages. For the development of a cell line in an embryonic state, the ori-
ginal cell of the line (°C) has its chromosomes and DNA programmed so as to produce “n”
specialized cells if the development occurs in the “prerequisite” environment. This may in-
clude not only adequate nutrients but also the specific growth factors, differentiation fac-
tors and other ICMs and this required environment will be provided by the concurrent
formation of other surrounding cell lines. There would be various branches and sub-
branches of each cell line, along with terminally differentiated cells, in the subsequent pro-
geny of cells as the program unfolds. But all of these cells need to be connected and in
communication with each other in some way to allow a whole organism to form even with
separated couplet cells and to be sustained in the face of cell death. The real life situation is
then complex and secondary, tertiary etc. Trefones could provide the family ties and the
cohesion needed in an organized structure. In an organism, there may be only a low num-
ber of original Couplet Cells (e.g. Totipotent stem cells), more progenitor Couplet Cells (e.
g. pluripotent stem cells), many mature Couplet Cells (which are more likely to divide by
symmetric cell division) perhaps along with a multitude of dedicated singlet cells. The cells
in a lineage will be identifiable by the presence⊕ or absence⊖ of the various receptors that
respond to the couplet Trefones of the various parental cells. This identication is clearly
similar to the use of CD markers to classify cells.
The importance and relevance of the model:- applications in medicine
(a) Diabetes
Evidence is presented to support the basic tenet that insulin and glucagon are Trefone
couplets with the beta and alpha cells being the cell couplets (See Additional file 1,19).
Glucagon stimulates both insulin secretion by, and proliferation of, beta cells via gluca-
gon receptors. Reciprocally, insulin stimulates glucagon secretion by, and proliferation of,
alpha cells via insulin receptors. These effects obviously occur within the organized archi-
tecture of the pancreatic lobes. Within the pancreas, where the local concentrations will be
much higher than in plasma, and in the presence of zinc, the complex of insulin and gluca-
gon will exist in a significant concentration. Reciprocating, pulsatile production of insulin
and glucagon will occur within the pancreas reflecting the release from the couplet cells
responding to their respective stimulating Trefones and the TCC.
This simplicity obviously does not take into account the somatostatin-secreting (D)
cells, the pancreatic polypeptide-secreting (PP or F) cells nor the organized distribution
of the cells among the four pancreatic lobes. Also, the effects of ICMs from distant or-
gans (epinephrine, glucocorticicoids, glucagon-like peptide) need to be incorporated
into any overall understanding of pancreatic function.
(b) Cancer
The application of the CTC model to cancer has been discussed in Additional file 1,26
“Background for an Understanding of Cancer Research”. Many cancers have associated
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changes in receptors due to oncogenes and the apparent autonomous nature of the
growth of cancer cells has been long recognised and has been explained by the acquired
ability of these cells to act in an autocrine way [121]. This means that the cell produ-
cing a critical growth factor also has a receptor for it and responds in a vicious circle of
cell cycling and stimulation in an incestuous way. The CTC model is different and one
explanation using the model would have the two coupled cells stimulating each other
without the restraint of a receptor for the TCC which may have mutated. As oncogenes
are involved in growth factor/receptor pathways, then the CTC model links oncogenes,
growth factors and their intracellular transduction paths with possible causes of cancer
just as the autocrine concept is so linked [122]. For example, Schwannoma cells
strongly overexpress the IGF-I receptor and secrete IGFs to produce a possible auto-
crine system [123] but again this is not inconsistent with the CTC model with couplet
cells involved.
Some mutation or epigenetic change in the Trefone, Trefone receptors, proteins of
internalization, transporters to the nucleus or in the transcription factor(s) binding the
Trefone, would initiate an abnormal cellular state to stimulate the progress to a cancer
cell. By a sequence of AsCDs and/or SCDs, cancer cells (CCs) may be produced follow-
ing some mutation in an a-Cell or i-Cell. The proliferation and differentiation of these
abnormal CCs will be controlled by the Trefones in a normal way within the communal
environment of a tumour or in the tissue location of the progenitors of a liquid cancer.
An autonomous cell may also evolve from production of a singlet cell which is not part
of a CTC. Singlet cells will still require nutrients and Trefones for cell division but they
will not be constrained by the formation of a Trefone couplet complex. Whether the
CCs are abnormal couplets of cells or just singlet cells, they would be stimulated by
Trefones from surrounding normal cells or from cells attracted to the site and could
then flourish as a cancer.
Again, it is noted that AsCD by B (i) in Figure 1 (Additional file 1,3 Note 2 “Categor-
ies of Symmetric and Asymmetrical Cell Divisions”), is not normally favoured because
the single C/D cell has no controlling partner. This C/D without a controlling couplet
or a similar “singlet” cell, would have an autonomy property shared with cancer cells.
Within the CTC model, the response to an imbalance of Trefones may involve inter-
conversions of a-Cells and i-Cells. This may require SCD, AsCD and dedifferentiation.
The latter may be a part of sarcomagenesis [124] and hepatocellular carcinomas may
arise by dedifferentiation of mature liver cells with maturation arrest of progressively
maturing liver stem cells [125]. Certainly, differentiation and dedifferentiation are a big
part of the process of cancer-cell formation [126].
(c) Stomach function – Helicobacter pylori
Hypergastrinemia in transgenic mice who are also infected with Helicobacter infection
leads to the accelerated development of intramucosal carcinoma [127]. One of the viru-
lence factors of H. pylori is the oncoprotein cytotoxin-associated antigen A (CagA).
Overexpressed CagA itself, which affects various intracellular pathways, is sufficient to
induce multiple malignancies, including gastric cancer, in transgenic mice [128]. In
addition, H. pylori induces epigenetic alterations, such as DNA methylation and histone
modification which could influence cancer development [129]. But, although this
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relationship between H. pylori infection and gastric cancer is established, knowledge of
the exact mechanism of tumor initiation is lacking [130].
One possible mechanism relates to the observation that CagA specifically interacts
with PAR1/MARK kinase [131], which has an important role in epithelial cell polarity
as one of the six par genes essential for the asymmetric division of the C. elegans zygote
[132]. However, the Par1-protein kinases are evolutionarily conserved from yeast to
humans and in mammals and there are several Par1-related proteins. Since CagA af-
fects both polarity and growth regulation, then the former could direct the abnormal
proliferation of epithelial cells that causes gastric carcinogenesis in humans [133]. If
CagA prevents the asymmetric cell division (AsCD) options described in Figure 1
(Additional file 1,3 Note 2 “Categories of Symmetric and Asymmetrical Cell Divisions”)
or causes an aberrant AsCD, then the homeostasis of the couplet cells (G- and ECL-
cells) which produce the Trefones gastrin and histamine, respectively, would be dis-
rupted and abnormal proliferation would ensue, perhaps with excess of either or both
Trefones, ulceration and/or cancer.
(d) Immune response
Asymmetric cell division (AsCD) occurs also in immune responses. AsCD of T lym-
phocytes occurs in the initiation of a response in adaptive immunity e.g. response to a
microbe. The determinants of AsCD (including Numb and polarity regulators Scribble
and aPKC) are segregated while there is prolonged interaction between antigen-
presenting cell and the T cell, before it divides. The two progeny T cells are then fated
differently toward effector and memory lineages [134-136]. Within the full lineage of T
cells, the multipotent progenitor (MPP) cell may form the common lymphocyte pro-
genitor (CLP) plus the common myeloid progenitor (CMP) by AsCD while the double
positive DP thymocyte (derived from the CLP) may divide by AsCD to form CD4+ and
CD8+ T cells.
Within the full lineage of T cells, the multipotent progenitor (MPP) may form the
common lymphocyte progenitor (CLP) plus the common myeloid progenitor (CMP) by
AsCD, as might the CMP dividing to form the megakaryocyte-erythroid progenitor
(MEP) plus the granulocyte-macrophage progenitor (GMP). AsCD could also be in-
volved in the double positive DP thymocyte dividion which forms CD4+ and CD8+ T
cells. Subsequent cell division of the CLP, GMP and MEP would also likely involve
AsCD.
There is also evidence of reciprocal interactions, as suggested for the Trefones of
coupled cells, between dendritic cells and Gammadelta T cells, two cell types of innate
immunity involved in the initiation of the immune response against Mycobacterium tu-
berculosis infection. Dendritic cells produce IL-12 which stimulates gammadelta T cells
while these T cells produce interferon-gamma which stimulates (BCG) infected den-
dritic cells, in a reciprocal functional relationship between these cell populations [137].
If B-cells, which produce an antibody against a foreign antigen, respond to the endo-
cytosis of the whole molecule, then these singlet cells, as half of the Cell and Trefone
Couplet (CTC), should endocytose the antibody-antigen (immune) complex as well. In-
deed, various Fc receptors (e.g. FcgammaRII [138]) will bind the immune complex (and
less so the antibody), and various immune cells endocytose the immune complex [139].
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While both B cells and macrophages can endocytose the immune complex in vitro via
the Fcgamma Receptor, dendritic cells may be more important in the uptake and pro-
cessing of the immune complex via this receptor in vivo [140].
Within the CTC model, an antibody (Ab) is not just a protein that bind antigen (Ag);
it is a Trefone without a couplet cell. The specific immune cell and Trefone constitute
a half a CTC because the cell is reactionary to an antigen which is made to be a specific
stimulating Trefone. The Ab is first secreted from the cell by antigen stimulation (i.e.
via a receptor) and then the complex with antigen is internalised via receptor-mediated
uptake into the singlet cell. The actual deficiency of Ab (as measured within the cell by
the amount of Ab-Ag complex relative to the amount of Ag, derived also from direct
receptor-mediated uptake) stimulates proliferative cell division and more Ab produc-
tion. Also, both activating and inhibiting effects occur. Activating-type FcR, such as
FcγRI, FcγRIIa and FcγRIIIa which are characterized by the presence of a cytoplasmic
immune-receptor tyrosine-based activation motif (ITAM) sequence, promote disease
development and the inhibitory-type, FcgammaRIIB which is characterized by the pres-
ence of an immune-receptor tyrosine-based inhibitory motif (ITIM), can suppress
antibody-mediated autoimmunity [141]. However, there are ambiguous effects of
ITAMs and ITIMs [142] which could be explained by whether they are part of recep-
tors for the antibody only or for the immune complex also.
(e) Atherosclerosis
Atherosclerosis and cancer share features of cellular heterogeneity and have common mo-
lecular pathways of development and progression. Growth factor (Trefone) interactions with
receptor tyrosine kinases feature in both, along with altered cell adhesion and angiogenesis
[143]. Further, the cells and intercellular molecules of the immune system are indispensable
for the development and progression of both cardiovascular disease and cancer [144].
In addition, the expression of proteases is altered in thrombolysis of atherosclerotic
plaque expansion and in the metastasis of malignancy [143], and control of cell prolifera-
tion is crucial to both. In this respect, there is evidence for a definitive direct proliferative
effect of TIMPs and of MMPs (as discussed earlier). MMP-12 (macrophage elastase) is
expressed in human atherosclerotic lesions in carotid endarterectomy samples but not in
normal arteries [145] and it is upregulated in atherosclerotic lesions in transgenic rabbits
overexpressing MMP-12 [146]. TIMP-3(−) foamy cell macrophages (FCMs) occur in the
deeper layers of the plaque and have an increased proliferation rate compared to TIMP-
3(+) cells [147]; MMP-12 is also upregulated in FCMs compared to nonfoamy
macrophages [148]. Related to this, is the existence of two subpopulations of foamy
cell macrophages (FCM), MMP-14HiTIMP-3Lo and MMP-14LoTIMP-3Hi. MMP-14
is a membrane-type MMP that binds TIMP-3, so they are candidates to be Tre-
fones produced by possible couplet cells of the two adjacent populations of cells -
the TIMP-3 negative FCMs appearing to form discrete islands or nodules within
surrounding TIMP-3 positive cells [147].
(f) Chronic airway inflammatory disease
The concentration of the complex of neutrophil elastase naturally bound to alpha1-
antiprotease (i.e. alpha1-anti-trypsin, AAT) in alveolar lavage fluid has been used to
Craven Theoretical Biology and Medical Modelling 2014, 11:40 Page 36 of 47
http://www.tbiomed.com/content/11/1/40
assess lower respiratory tract inflammation and potential lung damage by smoking
[149]. The change in the amount of complex observed may reflect a variation of the as-
sociation constant for the pair in the lower tract compared to plasma to reduce neutro-
phil elastase inhibitory capacity [150]. This imbalance of protease/antiprotease, where
elastase (or other protease) is present in excess of its major inhibitor, seems to occur in
a variety of chronic airway inflammatory diseases that exists in cystic fibrosis (CF) and
non-CF bronchiectasis airways and of chronic bronchitis [151,152]. In the Pseudo-
monas-infected cystic fibrosis (CF) lung, the secretory leucoprotease inhibitor (SLPI) of
elastase from the neutrophil was decreased in bronchoalveolar lavage fluid because of
high levels of neutrophil elastase activity which cleaved the SLPI, thereby increasing the
protease:antiprotease complex [153]. The protease-antiprotease imbalance in associated
with emphysema and chronic obstructive pulmonary disease [154]. If the proposed Tre-
fone couplet of elastase and AAT are proliferators and are both derived from neutro-
phils, cellular inmbalance of the different types of neutrophils may be involved in lung
diseases.
(g) Bacterial persistence
Persisters are a small subpopulation of microbial cells that can survive antimicrobial
treatments although being genetically susceptible, by entering a dormant state and they
may not be eliminated by the immune system. In studies of E.coli, in addition to the
wild-type cells, there may be subpopulations of Type I and Type II persister cells. Type
I cells are growth-arrested cells, produced at the stationary phase of the previous
growth cycle by a starvation signal, and are present in the next culture in proportion to
the inoculum size. Type II cells are generated continuously in the exponential growth
of normally growing cells [155,156]. Persistence is associated with the formation of bio-
films in which bacteria may grow as a consortium of different species where cells in dif-
ferent zones of a biofilm are in different metabolic states [157].
In the CTC model suggested here, the following is a scenario. If the normal cell were
the a-Cell, then the persister cell would be the i-Cell. The a-Cell is growing exponen-
tially because the medium contains the growth factors and nutrients needed by it. For
example, the i-Trefone is in the medium in excess, stimulating the growth of the a-Cell
by SCD. As the a-Trefone is released from the a-Cell, it binds the i-Trefone to form the
complex. There is little free a-Trefone to stimulate the i-Cell to grow by SCD; in
anything, AsCD could occur to boost the a-Cell’s production of the a-Trefone for
homeostasis. In that growth state, added antibiotic will kill the a-Cells but not the
dormant i-Cells. When placed in new medium after the death of the a-Cells, some
i-Cells will divide by SCD and some by AsCD to produce a-Cells.
While it is tantalizing to associate the current model with Toxin-Antitoxin modules
[158-160], this would require the production of the toxin and antitoxin by two different
cell types and an extracellular meeting of the proteins or RNAs. This is realistically
possible in that bacterial biofilms are structured communities of cells enclosed in a
self-produced polymeric matrix containing polysaccharides, enzymes, other proteins
and DNA [161] where the extracellular DNA is not from cell lysis but is deliber-
ately released [162]. However, there is no evidence of extracellular toxin:antitoxin
complexes.
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(h) Alzheimer’s disease
The β-amyloid precursor protein (APP) of Alzheimer's disease is a type I transmembrane
protein with multiple spliced isoforms. The three most abundant isoforms of APP are
APP770, APP751, and the predominantly neuronal APP695 and from these either the P3 pep-
tide or the Alzheimer's amyloid protein (Aβ) is proteolytically derived. Regulated intra-
membrane proteolysis of APP occurs by secretase complexes and an intracellular peptide
AICD is produced. With further proteolytic cleavages of the APP residue in the membrane,
two extracellular peptides are produced, soluble APP (sAPP) and either the P3 peptide nor-
mally or amyloid beta (of 36–43 amino acids) in the amyloidogenic pathway [163].
Both AICD and the sAPP are proliferatively active and, within couplet cells, AICD
would be the Trefone for the cell that produces it internally, say the a-Cell, and sAPP
would stimulate the i-Cell via receptor-mediated uptake.
The AICD translocates to the nucleus and has been implicated in transcriptional
regulation by forming a multimeric complex with the nuclear adaptor protein Fe65 and
the histone acetyltransferase Tip60 [164]. It thus negatively modulates neurogenesis
[165] and inhibits proliferation but promotes differentiation in neuronal cells. It inhibits
canonical Wnt signalling in a GSK3β kinase activity-dependent manner and its loss
produces an increase in response to Wnt/β-catenin-mediated transcription [166].
There have been several reports of the proliferative, stimulatory ability of the sAPP
(usually sAPP695), in fibroblasts [167], neural stem cells [168,169], a thyroid epithelial
cell line (FRTL-5) [170] a human keratinocyte cell line (HaCaT) [171], in adult neuro-
genesis [172] and in neural progenitor cells, mesenchymal stem cells and human de-
cidua parietalis placenta stem cells [173].
Specific cell binding (indicating a receptor) have been detected in a human keratino-
cyte cell line (HaCaT) [171] and in the largest neurogenic area of the adult brain (the
subventricular zone of the lateral ventricle) and binding occurs on specific progenitor
cells that respond to EGF [172]. It has been shown to be an active regulator of trans-
thyretin and Klotho gene expression [174] and has many other suggested roles [175].
While these postulated Trefones are active, other components of the amyloid system
also have some biological activity. The Abeta peptide (Abeta42), produced in the amy-
loidogenic pathway, has proliferative properties. It induces neurogenesis in cultured
neural stem cells [176] and induces the proliferation of a mouse microglial cell line
(Ra2) [177]. However it has an inhibitory effect on growth of some tumout cell lines
[178]. This peptide has receptors and secreted Abeta can bind to cell surface receptors
(e.g. LRP, RAGE, FPRL1, NMDA receptors and α7nAChR [179]), and can be internal-
ized. While Abeta(1–40) and Abeta(1–42) predominate in the brain, the fragment
Abeta(25–35) is also present in elderly people and its aggregation properties may make
it more toxic than the fibrillogenic Abeta42 [180]. Aβ(25–35) itself may be toxic as its
oligomer inhibits the proliferation of neural stem cells [181]. Internalised Abeta, along
with intracellularly produced Abeta, can accumulate and form oligomers of Abeta,
which, along with intracellular tangled tau protein and extracellular amyloidal plaques,
strongly contribute to Alzheimer’s disease. As aging is often associated with Alzheimer’s
disease, one might expect that epigenetic modifications would contribute to the dys-
function of these proteins and/or the enzyme complexes involved in amyloid metabol-
ism [182]. The interaction of AICD and Tip60, a histone acetyltransferase, might be
relevant to this specific epigenetic modification.
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(i) Other diseases
While there is little evidence for the CTC system in the following diseases, the involve-
ment of couplet Trefones, or Trefone plus receptor, in these diseases may be a clue to
verify a full CTC system.
Schizophrenia
The NRG1 growth factor and its receptor, ERBB4, have been shown to modulate neur-
onal functions and have been identified as leading schizophrenia risk genes. The ERBB4
intracellular domain (E4ICD) derived from proteolytic cleavage, regulates neuroregulin-
1-induced gene expression in hippocampal neurons [183]. The NRG1 and the ERBB4
would need to be on separate couplet cells to be a CTC system.
Psoriasis
IGF-I receptor and EGF receptor expressions are increased in psoriatic epidermis with
the the pattern of IGF-I receptor expression increasing with increased keratinocyte
proliferation. Both growth factor receptor systems may control cellular expression
and differential regulation of epidermal proliferation [184]. As an alternate system, the
keratinocyte growth factor (KGF), which is also a potent mitogen for wide variety of epi-
thelial cells, and keratinocytes in particular, would seem a logical one. KGF and its recep-
tor were found to be frequently elevated in psoriatic skin specimens and distributed
within different areas of the skin - increased KGF expression occurred in the dermal layer,
while receptor expression occurred in the basal layer of keratinocytes in normal skin and
in addition, in the suprabasal layers of the psoriatic epidermis where there was expanded
proliferative keratinocyte pool [185].
Asymmetric cell division is also a crucial element of skin growth.
Graves’ disease (GD)
IGF-I and its receptor seem to be involved in the autoimmune syndrome GD. Insulin-
like growth factor-1 receptor (IGF-IR) has two subunits, a ligand binding site on extra-
cellular IGF-IRα and a tyrosine phosphorylation site on IGF-IRβ. Upon IGF-I or
GDIgG stimulation, IGF-IRα accumulates in the nucleus specifically in orbital fibro-
blasts from GD patients [89].
Rheumatoid arthritis (RA)
RANKL and its potential Trefone couplet osteoprotegerin are both increased in RA [186].
Restrictions and final observations
(a) Restrictions
Not every molecule that stimulates a cell to change its metabolism or to secrete a prod-
uct will be a Trefone for that cell. A growth factors or hormone may stimulate certain
cells to metabolic change but may not be a Trefone for those cells. For example,
glucagon-like peptide-1 may stimulate insulin release from beta-pancreatic cells but is
not a Trefone for beta cells. A substance could be a Trefone for a particular pair of cells
but just a metabolic stimulant or inhibitor for other types of cells. Equally every recep-
tor ligand is not a Trefone. Ligands may be differentiation agents (DA) or factors (DF).
IGF-I is not necessarily a primary Trefone for every cell it affects; it may be an inhibitor
of growth of a cell by binding an IGFBPn which may be a Trefone, coupled with IGF-
II, for that cell.
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Although the basic difference between a-Cells and i-Cells is the presence or absence
of a Trefone and receptor, there will be other cellular infrastructure changes to accom-
modate the production and reception of the respective Trefone and TCC and also other
minor or major differences reflecting the specific functions of the cells formed in this
“division of labour”.
(b) Final observations
Every cell is in limbo in its differentiated state; in the absence of Trefones, it dedifferen-
tiates and reverts back to its default ego state.
This CTC model may interlock with the idea of “complementarity”. An a-Cell will
produce a Trefone (perhaps a peptide) and an i-Cell will produce a receptor for the
peptide. This could be achieved within a “complementarity” framework. Evidence has
been provided that certain mRNA sequences, complementary to the mRNA sequences
for some receptors, were highly homologous to those of their ligands [187]. This
was illustrated for the ligands (Trefones) epidermal growth factor, interleukin-2
and transferrin with their respective receptors. This would mean that after ACD,
one cell would make a receptor from one strand and the couplet cell would make
the Trefone/ligand form the other strand of the same allele and vice versa for the
other Trefone and receptor. The complex formation of a-Trefone with i-Trefone,
a-Trefone with i-Receptor, a-Trefone:i-Trefone complex receptor would reflect mo-
lecular complementarity [188].
In an evolutionary sense, given the usual lack of transcription in a single cell of
both strands of DNA for a particular gene, then couplet cells could have developed
where each uses a certain strand of the double DNA; “…. the mere transcription of
a DNA sequence by one cell and the complementary sequence by another could
allow for cellular recognition and communication via the interacting protein prod-
ucts” [187].
The proposed model is an approach to simplify the multitude of reported experimen-
tal results derived from the properties of cancer, modified and normal cells, often grow-
ing in size and/or number in a synthetic environment. In many cases, the results
appear to be a myriad of disconnected dots of information, orphans looking for a place
in a confusing network of life without structure. The conceptual simplicity of this Cell
and Trefone Couplet model with consequent division of labour is in contrast to the
vastly complicated metabolic pathways with a network of numerous control loops
which are often inflicted on a single cell.
However, the plausibility of a hypothesis is no argument for its veracity or its general-
ity. Hopefully too many facts have not been twisted or manipulated to fit the model.
Also, hopefully, this model will stimulate more novel experimental designs.
Quote:- “It may be useful to think of a cell culture as being in equilibrium between
multipotent stem cells and mature differentiated cells and to suppose that that the
equilibrium may shift according to the environmental conditions” [189].
Summary
A model is offered to explain the harmony of cellular life in multicellular organisms.
Two different cells, referred to here as the a-Cell and the i-Cell, are derived from the
parent cell, referred to as the original o-Cell, by cell division. These cells, formed by a
Craven Theoretical Biology and Medical Modelling 2014, 11:40 Page 40 of 47
http://www.tbiomed.com/content/11/1/40
type of asymmetric cell division, are referred to as “Couplet Cells” and in the basic
model, are linked by two specific molecules, one produced from each cell, which pro-
duce a binary complex. The cells are also linked by the presence on each cell of a re-
ceptor which binds the specific molecule secreted by the other cell; the a-Cell has a
receptor that binds the molecule from the i-Cell and vice versa. This reciprocal inter-
action allows intercellular communications between the two progeny, which will regu-
late the number and activity of the two cells. This interconnection of cell couplets can
flow onto other cells of a lineage derived from either the a-Cell or i-Cell.
The specific molecules which are coupled by complex formation are named “Tre-
fones” and with “Couplet Cells” and “Couplet Trefones”, the model is referred to as the
“Cell Trefone Couplet” (CTC) model.
The basic CTC model then equates to asymmetric cell division to produce a double
paracrine system between the two progeny (couplet cells), with formation of a binary
complex between the specific molecules secreted from each cell. It is suggested that the
rationale for the asymmetric cell division is to allow a “division of labour” within a
multicellular organism.
The evidence for the model focuses on the insulin-like growth factor (IGF) system
and other similar systems with couplet molecules that stimulate or inhibit cell metabol-
ism and proliferation. The model has implications for various medical conditions e.g.
diabetes and cancer.
This is my own hypothesis and I am the only contributor. There are no acknowledge-
ments to be made and I have no competing interests.
Additional file
Additional file 1: 1. “Terminology”. 2. “Change in Cellular Characteristics”. 3. Note 1 “The Roles of SCD versus
ACD”. Note 2. “Categories of SCD and ACD”. Note 3 “Further Examples of these AsCD Categories”. Note 4 “Change
of differentiation type.”. 4. “The Effects of Growth Factors and other Bioactive Molecules 5. Note 1, “Additional
Information on the Definition of a Trefone”. Note 2 “Clarification on Ligand and Binding Protein Interaction”. Note 3
“Cell Couplets – AsCD and the a-Cell and i-Cell”. Note 4 “Drosophila – Potential Trefones and ACD”. 6. “Calculated
Levels of Trefones and TCC, with Cellular Actions”. 7. “Receptors for the Six IGFBPs and Cellular Effects”. 8. Note 1
“Extracellular Binding Proteins/ Soluble Receptors”. Note 2 “Cell Receptors for Binding Proteins/Soluble Receptors”. 9.
Note 1. “Further Evidence for a Receptor for TCC”. Note 2 “Problems with Cross-linking Experiments”. 10. “Evidence for
Binary Receptors aside from the IGF System”. 11. “Evidence for Two Receptors for a Particular Trefone, outside the IGF
System”. 12. Note 1 “Mechanisms of Nuclear Localization”. Note 2 “NL of IGFBPs”. Note 3 “NL of Potential Trefones
other than the IGF System”. 13. “Evidence Supporting the Existence of a-Cells and i-Cells”. 14. “Candidates with mainly
a-Cell-Type or i-Cell-Type Characteristics”. 15. “Interacting Cells and Trefones not associated with the IGF System”. 16.
“Heterogeneity/Variability of Cells in Culture.” 17. “Cell lines are not Typical of Normal Cells”. 18. “Cell Receptors and Cell
Markers”. 19. “Defined Couplet Cells for Insulin and Glucagon; Gastrin and Histamine”. 20. “Potential Couplet Trefones”.
21. “Further Examples of Potential Trefone and Cell Couplets”. 22. “Examples of Cellular Regulation by Complexes”. 23.
“Proteolytic enzymes and their inhibitors”. 24. “Expanded Definition of ‘Trefone’ and Classes of Couplet Cell Interactions”.
25. Note 1 “Extended Trefone Couplets”. Note 2 “Singlet Cells”. 26. “Background of Cancer Research”.
Competing interests
The author declares that he has no competing interests.
Received: 18 June 2014 Accepted: 2 September 2014
Published: 14 September 2014
References
1. Sulston JE, Brenner S: The DNA of Caenorhabditis elegans. Genetics 1974, 77(1):95–104.
2. Hengartner MO, Horvitz HR: The ins and outs of programmed cell death during C. elegans
development. Philos Trans R Soc Lond B Biol Sci 1994, 345(1313):243–246.
3. Norris V, Hunding A, Kepes F, Lancet D, Minsky A, Raine D, Root-Bernstein R, Sriram K: Question 7: the first units
of life were not simple cells. Orig Life Evol Biosph 2007, 37(4–5):429–432.
4. Studzinski GP, Harrison LE: Differentiation-related changes in the cell cycle traverse. Int Rev Cytol 1999, 189:1–58.
5. Ackermann M, Stearns SC, Jenal U: Senescence in a bacterium with asymmetric division. Science 2003,
300(5627):1920.
Craven Theoretical Biology and Medical Modelling 2014, 11:40 Page 41 of 47
http://www.tbiomed.com/content/11/1/40
6. Freshney RI: Culture of Animal Cells: A Manual of Basic Technique and Specialized Applications. 6th edition. Hoboken,
New Jersey: John Wiley & Sons, Inc; 2011:273–274.
7. Anklesaria P, Teixido J, Laiho M, Pierce JH, Greenberger JS, Massague J: Cell-cell adhesion mediated by binding
of membrane-anchored transforming growth factor alpha to epidermal growth factor receptors promotes
cell proliferation. Proc Natl Acad Sci U S A 1990, 87(9):3289–3293.
8. Danesh-Meyer HV, Green CR: Focus on molecules: connexin 43–mind the gap. Exp Eye Res 2008,
87(6):494–495.
9. Howe CL, Mobley WC: Signaling endosome hypothesis: A cellular mechanism for long distance
communication. J Neurobiol 2004, 58(2):207–216.
10. Kim M, Carman CV, Springer TA: Bidirectional transmembrane signaling by cytoplasmic domain separation in
integrins. Science 2003, 301(5640):1720–1725.
11. Zhao Y, Lin Y, Zhan Y, Yang G, Louie J, Harrison DE, Anderson WF: Murine hematopoietic stem cell
characterization and its regulation in BM transplantation. Blood 2000, 96(9):3016–3022.
12. Zola H, Swart B: The human leucocyte differentiation antigens (HLDA) workshops: the evolving role of
antibodies in research, diagnosis and therapy. Cell Res 2005, 15(9):691–694.
13. Underwood LE, D'Ercole AJ, Clemmons DR, Van Wyk JJ: Paracrine functions of somatomedins. Clin Endocrinol
Metab 1986, 15(1):59–77.
14. Wolpert L: Gastrulation and the evolution of development. Dev Suppl 1992, 7–13.
15. Gaziova I, Bhat KM: Generating asymmetry: with and without self-renewal. Prog Mol Subcell Biol 2007, 45:143–178.
16. Rasmussen L, Christensen ST, Schousboe P, Wheatley DN: Cell survival and multiplication. The overriding need
for signals: from unicellular to multicellular systems. FEMS Microbiol Lett 1996, 137(2–3):123–128.
17. Herskowitz I: Life cycle of the budding yeast Saccharomyces cerevisiae. Microbiol Rev 1988, 52(4):536–553.
18. Raudaskoski M, Kothe E: Basidiomycete mating type genes and pheromone signaling. Eukaryot Cell 2010,
9(6):847–859.
19. Miyake A, Harumoto T: Asymmetrical cell division in Blepharisma japonicum: difference between daughter
cells in mating-type expression. Exp Cell Res 1990, 190(1):65–68.
20. Sugiura M, Kawahara S, Iio H, Harumoto T: Developmentally and environmentally regulated expression of
gamone 1: the trigger molecule for sexual reproduction in Blepharisma japonicum. J Cell Sci 2005,
118(Pt 12):2735–2741.
21. Ortenzi C, Alimenti C, Vallesi A, Di Pretoro B, Terza AL, Luporini P: The autocrine mitogenic loop of the ciliate
Euplotes raikovi: the pheromone membrane-bound forms are the cell binding sites and potential signaling
receptors of soluble pheromones. Mol Biol Cell 2000, 11(4):1445–1455.
22. Vallesi A, Ballarini P, Di Pretoro B, Alimenti C, Miceli C, Luporini P: Autocrine, mitogenic pheromone receptor
loop of the ciliate Euplotes raikovi: pheromone-induced receptor internalization. Eukaryot Cell 2005,
4(7):1221–1227.
23. Brazelton WJ, Mehta MP, Kelley DS, Baross JA: Physiological differentiation within a single-species biofilm fueled
by serpentinization. MBio 2011, 2(4).
24. Gladden LB: Lactate metabolism: a new paradigm for the third millennium. J Physiol 2004, 558(Pt 1):5–30.
25. Suzuki A, Stern SA, Bozdagi O, Huntley GW, Walker RH, Magistretti PJ, Alberini CM: Astrocyte-neuron lactate
transport is required for long-term memory formation. Cell 2011, 144(5):810–823.
26. Liu C, Wu J, Zhu J, Kuei C, Yu J, Shelton J, Sutton SW, Li X, Yun SJ, Mirzadegan T, Mazur C, Kamme F, Lovenberg
TW: Lactate inhibits lipolysis in fat cells through activation of an orphan G-protein-coupled receptor, GPR81.
J Biol Chem 2009, 284(5):2811–2822.
27. Solbu TT, Bjorkmo M, Berghuis P, Harkany T, Chaudhry FA: SAT1, A Glutamine Transporter, is Preferentially
Expressed in GABAergic Neurons. Front Neuroanat 2010, 4:1.
28. Wise DR, DeBerardinis RJ, Mancuso A, Sayed N, Zhang XY, Pfeiffer HK, Nissim I, Daikhin E, Yudkoff M, McMahon SB,
Thompson CB: Myc regulates a transcriptional program that stimulates mitochondrial glutaminolysis and
leads to glutamine addiction. Proc Natl Acad Sci U S A 2008, 105(48):18782–18787.
29. Metallo CM, Gameiro PA, Bell EL, Mattaini KR, Yang J, Hiller K, Jewell CM, Johnson ZR, Irvine DJ, Guarente L,
Kelleher JK, Vander Heiden MG, Iliopoulos O, Stephanopoulos G: Reductive glutamine metabolism by IDH1
mediates lipogenesis under hypoxia. Nature 2012, 481(7381):380–384.
30. Mazurek MP, Prasad PD, Gopal E, Fraser SP, Bolt L, Rizaner N, Palmer CP, Foster CS, Palmieri F, Ganapathy V,
Stühmer W, Djamgoz MB, Mycielska ME: Molecular origin of plasma membrane citrate transporter in human
prostate epithelial cells. EMBO Rep 2010, 11(6):431–437.
31. Suburu J, Chen YQ: Lipids and prostate cancer. Prostaglandins Other Lipid Mediat 2012, 98(1–2):1–10.
32. Alizadeh AA, Eisen MB, Davis RE, Ma C, Lossos IS, Rosenwald A, Boldrick JC, Sabet H, Tran T, Yu X, Powell JI, Yang
L, Marti GE, Moore T, Hudson J Jr, Lu L, Lewis DB, Tibshirani R, Sherlock G, Chan WC, Greiner TC, Weisenburger
DD, Armitage JO, Warnke R, Levy R, Wilson W, Grever MR, Byrd JC, Botstein D, Brown PO, et al: Distinct types of
diffuse large B-cell lymphoma identified by gene expression profiling. Nature 2000, 403(6769):503–511.
33. Goodman SR, Kurdia A, Ammann L, Kakhniashvili D, Daescu O: The human red blood cell proteome and
interactome. Exp Biol Med (Maywood) 2007, 232(11):1391–1408.
34. Lopez-Garcia P, Moreira D: Metabolic symbiosis at the origin of eukaryotes. Trends Biochem Sci 1999, 24(3):88–93.
35. Vesteg M, Krajcovic J: The falsifiability of the models for the origin of eukaryotes. Curr Genet 2011, 57(6):367–390.
36. Lu B, Jan LY, Jan YN: Asymmetric cell division: lessons from flies and worms. Curr Opin Genet Dev 1998,
8(4):392–399.
37. Wu M, Kwon HY, Rattis F, Blum J, Zhao C, Ashkenazi R, Jackson TL, Gaiano N, Oliver T, Reya T: Imaging
hematopoietic precursor division in real time. Cell Stem Cell 2007, 1(5):541–554.
38. Whichard ZL, Sarkar CA, Kimmel M, Corey SJ: Hematopoiesis and its disorders: a systems biology approach.
Blood 2010, 115(12):2339–2347.
39. Cai L, Hayes NL, Takahashi T, Caviness VS Jr, Nowakowski RS: Size distribution of retrovirally marked lineages
matches prediction from population measurements of cell cycle behavior. J Neurosci Res 2002, 69(6):731–744.
Craven Theoretical Biology and Medical Modelling 2014, 11:40 Page 42 of 47
http://www.tbiomed.com/content/11/1/40
40. Marciniak-Czochra A, Stiehl T, Ho AD, Jager W, Wagner W: Modeling of asymmetric cell division in hematopoietic
stem cells–regulation of self-renewal is essential for efficient repopulation. Stem Cells Dev 2009,
18(3):377–385.
41. Egger B, Gold KS, Brand AH: Regulating the balance between symmetric and asymmetric stem cell division in
the developing brain. Fly (Austin) 2011, 5(3):237–241.
42. Simons BD, Clevers H: Stem cell self-renewal in intestinal crypt. Exp Cell Res 2011, 317(19):2719–2724.
43. Le Roith D, Bondy C, Yakar S, Liu JL, Butler A: The somatomedin hypothesis: 2001. Endocr Rev 2001, 22(1):53–74.
44. Baserga R, Prisco M, Hongo A: IGFs and Cell Growth. In The IGF System. Edited by Rosenfeld RG, Roberts CT.
Totowa, New Jersey, USA: Humana Press; 1999:329–353.
45. Ballard FJ, Wallace JC, Francis GL, Read LC, Tomas FM: Des(1–3)IGF-I: a truncated form of insulin-like growth
factor-I. Int J Biochem Cell Biol 1996, 28(10):1085–1087.
46. Oh Y: IGF-independent regulation of breast cancer growth by IGF binding proteins. Breast Cancer Res Treat
1998, 47(3):283–293.
47. Daughaday WH: Growth hormone axis overview–somatomedin hypothesis. Pediatr Nephrol 2000, 14(7):537–540.
48. Schriever C, Schmidt A, Breithardt G, Buddecke E: Human recombinant insulin-like growth factor I and -II
stimulate the expression of basic fibroblast growth factor but suppress the division of bovine coronary
smooth muscle cells. Atherosclerosis 1996, 122(2):255–263.
49. Hunt P, Eardley DD: Suppressive effects of insulin and insulin-like growth factor-1 (IGF1) on immune
responses. J Immun 1986, 136(11):3994–3999.
50. Granerus M, Johannisson A, Ekblom P, Engstrom W: Insulin-like growth factors I and II induce cell death in
Wilms's tumour cells. Mol Pathol 2001, 54(1):30–35.
51. Oh Y, Muller HL, Lamson G, Rosenfeld RG: Insulin-like growth factor (IGF)-independent action of IGF-binding
protein-3 in Hs578T human breast cancer cells. Cell surface binding and growth inhibition. J Biol Chem 1993,
268(20):14964–14971.
52. Valentinis B, Bhala A, DeAngelis T, Baserga R, Cohen P: The human insulin-like growth factor (IGF) binding
protein-3 inhibits the growth of fibroblasts with a targeted disruption of the IGF-I receptor gene.
Mol Endocrinol 1995, 9(3):361–367.
53. Conover CA: Potentiation of insulin-like growth factor (IGF) action by IGF-binding protein-3: studies of
underlying mechanism. Endocrinology 1992, 130(6):3191–3199.
54. Andress DL, Birnbaum RS: Human osteoblast-derived insulin-like growth factor (IGF) binding protein-5 stimulates
osteoblast mitogenesis and potentiates IGF action. J Biol Chem 1992, 267(31):22467–22472.
55. Marshall C: How do small GTPase signal transduction pathways regulate cell cycle entry? Curr Opin Cell Biol
1999, 11(6):732–736.
56. Kuemmerle JF: Endogenous IGF-I regulates IGF binding protein production in human intestinal smooth
muscle cells. Am J Physiol Gastrointest Liver Physiol 2000, 278(5):G710–717.
57. Casali A, Struhl G: Reading the Hedgehog morphogen gradient by measuring the ratio of bound to unbound
Patched protein. Nature 2004, 431(7004):76–80.
58. Haselkorn R: How cyanobacteria count to 10. Science 1998, 282(5390):891–892.
59. Bruce AW, Zernicka-Goetz M: Developmental control of the early mammalian embryo: competition among
heterogeneous cells that biases cell fate. Curr Opin Genet Dev 2010, 20(5):485–491.
60. Bendall SC, Nolan GP: From single cells to deep phenotypes in cancer. Nat Biotechnol 2012, 30(7):639–647.
61. Karas M, Danilenko M, Fishman D, LeRoith D, Levy J, Sharoni Y: Membrane-associated insulin-like growth
factor-binding protein-3 inhibits insulin-like growth factor-I-induced insulin-like growth factor-I receptor
signaling in ishikawa endometrial cancer cells. J Biol Chem 1997, 272(26):16514–16520.
62. Freeman M, Gurdon JB: Regulatory principles of developmental signaling. Annu Rev Cell Dev Biol 2002, 18:515–539.
63. Xu C, Kauffmann RC, Zhang J, Kladny S, Carthew RW: Overlapping activators and repressors delimit
transcriptional response to receptor tyrosine kinase signals in the Drosophila eye. Cell 2000, 103(1):87–97.
64. Berfield AK, Andress DL, Abrass CK: IGFBP-5(201–218) stimulates Cdc42GAP aggregation and filopodia
formationin migrating mesangial cells. Kidney Int 2000, 57(5):1991–2003.
65. Andress DL: Insulin-like growth factor-binding protein-5 (IGFBP-5) stimulates phosphorylation of the IGFBP-5
receptor. Am J Physiol 1998, 274(4 Pt 1):E744–750.
66. Gronborg M, Wulff BS, Rasmussen JS, Kjeldsen T, Gammeltoft S: Structure-function relationship of the insulin-like
growth factor-I receptor tyrosine kinase. J Biol Chem 1993, 268(31):23435–23440.
67. Ricort JM, Binoux M: Insulin-like growth factor-binding protein-3 activates a phosphotyrosine phosphatase.
Effects on the insulin-like growth factor signaling pathway. J Biol Chem 2002, 277(22):19448–19454.
68. Ricort JM, Lombet A, Lassarre C, Binoux M: Insulin-like growth factor binding protein-3 increases intracellular
calcium concentrations in MCF-7 breast carcinoma cells. FEBS Lett 2002, 527(1–3):293–297.
69. Schmid C, Schlapfer I, Gosteli-Peter MA, Froesch ER, Zapf J: Expression, effects, and fate of IGFBP-5 are different
in normal and malignant osteoblastic cells. Prog Growth Factor Res 1995, 6(2–4):167–173.
70. Li W, Fawcett J, Widmer HR, Fielder PJ, Rabkin R, Keller GA: Nuclear transport of insulin-like growth factor-I and
insulin-like growth factor binding protein-3 in opossum kidney cells. Endocrinology 1997, 138(4):1763–1766.
71. Booth BA, Bar RS, Boes M, Dake BL, Bayne M, Cascieri M: Intrinsic bioactivity of insulin-like growth factor-
binding proteins from vascular endothelial cells. Endocrinology 1990, 127(6):2630–2638.
72. Mishra S, Murphy LJ: Phosphorylation of insulin-like growth factor (IGF) binding protein-3 by breast cancer cell
membranes enhances IGF-I binding. Endocrinology 2003, 144(9):4042–4050.
73. Peters VA, Joesting JJ, Freund GG: IL-1 receptor 2 (IL-1R2) and its role in immune regulation. Brain Behav Immun
2013, 32:1–8.
74. Christensen EI, Gburek J: Protein reabsorption in renal proximal tubule-function and dysfunction in kidney
pathophysiology. Pediatr Nephrol 2004, 19(7):714–721.
75. Hvidberg V, Maniecki MB, Jacobsen C, Hojrup P, Moller HJ, Moestrup SK: Identification of the receptor
scavenging hemopexin-heme complexes. Blood 2005, 106(7):2572–2579.
Craven Theoretical Biology and Medical Modelling 2014, 11:40 Page 43 of 47
http://www.tbiomed.com/content/11/1/40
76. Imamura T, Engleka K, Zhan X, Tokita Y, Forough R, Roeder D, Jackson A, Maier JA, Hla T, Maciag T:
Recovery of mitogenic activity of a growth factor mutant with a nuclear translocation sequence.
Science 1990, 249(4976):1567–1570.
77. Wiedlocha A, Falnes PO, Rapak A, Munoz R, Klingenberg O, Olsnes S: Stimulation of proliferation of a human
osteosarcoma cell line by exogenous acidic fibroblast growth factor requires both activation of receptor
tyrosine kinase and growth factor internalization. Mol Cell Biol 1996, 16(1):270–280.
78. Lee BA, Donoghue DJ: Membrane-anchored form of v-sis/PDGF-B induces mitogenesis without detectable
PDGF receptor autophosphorylation. J Cell Biol 1991, 113(2):361–370.
79. Kimura H: Schwannoma-derived growth factor must be transported into the nucleus to exert its mitogenic
activity. Proc Natl Acad Sci U S A 1993, 90(6):2165–2169.
80. Soler AP, Thompson KA, Smith RM, Jarett L: Immunological demonstration of the accumulation of insulin, but
not insulin receptors, in nuclei of insulin-treated cells. Proc Natl Acad Sci U S A 1989, 86(17):6640–6644.
81. Tu X, Batta P, Innocent N, Prisco M, Casaburi I, Belletti B, Baserga R: Nuclear translocation of insulin
receptor substrate-1 by oncogenes and Igf-I. Effect on ribosomal RNA synthesis. J Biol Chem 2002,
277(46):44357–44365.
82. Min J, Singh S, Fitzgerald-Bocarsly P, Wood TL: Insulin-like growth factor I regulates G2/M progression through
mammalian target of rapamycin signaling in oligodendrocyte progenitors. Glia 2012, 60(11):1684–1695.
83. Hodak E, Gottlieb AB, Anzilotti M, Krueger JG: The insulin-like growth factor 1 receptor is expressed by epithelial
cells with proliferative potential in human epidermis and skin appendages: correlation of increased expression
with epidermal hyperplasia. J Invest Dermatol 1996, 106(3):564–570.
84. Chen CW, Roy D: Up-regulation of nuclear IGF-I receptor by short term exposure of stilbene estrogen,
diethylstilbestrol. Mol Cell Endocrinol 1996, 118(1–2):1–8.
85. Aleksic T, Chitnis MM, Perestenko OV, Gao S, Thomas PH, Turner GD, Protheroe AS, Howarth M, Macaulay VM:
Type 1 insulin-like growth factor receptor translocates to the nucleus of human tumor cells. Cancer Res 2010,
70(16):6412–6419.
86. Sehat B, Tofigh A, Lin Y, Trocme E, Liljedahl U, Lagergren J, Larsson O: SUMOylation mediates the nuclear
translocation and signaling of the IGF-1 receptor. Sci Signal 2010, 3(108):ra10.
87. Robertson DM, Zhu M, Wu YC: Cellular distribution of the IGF-1R in corneal epithelial cells. Exp Eye Res
2012, 94(1):179–186.
88. Sarfstein R, Pasmanik-Chor M, Yeheskel A, Edry L, Shomron N, Warman N, Wertheimer E, Maor S, Shochat L,
Werner H: Insulin-like growth factor-I receptor (IGF-IR) translocates to nucleus and autoregulates IGF-IR gene
expression in breast cancer cells. J Biol Chem 2012, 287(4):2766–2776.
89. Hoa N, Tsui S, Afifiyan NF, Sinha Hikim A, Li B, Douglas RS, Smith TJ: Nuclear targeting of IGF-1 receptor in
orbital fibroblasts from Graves’ disease: apparent role of ADAM17. PLoS One 2012, 7(4):e34173.
90. Rubin R, Baserga R: Insulin-like growth factor-I receptor. Its role in cell proliferation, apoptosis, and tumorigenicity.
Lab Invest 1995, 73(3):311–331.
91. Leal SM, Huang SS, Huang JS: Interactions of high affinity insulin-like growth factor-binding proteins with the
type V transforming growth factor-beta receptor in mink lung epithelial cells. J Biol Chem 1999, 274(10):6711–6717.
92. Hoeflich A, Reisinger R, Lahm H, Kiess W, Blum WF, Kolb HJ, Weber MM, Wolf E: Insulin-like growth factor-
binding protein 2 in tumorigenesis: protector or promoter? Cancer Res 2001, 61(24):8601–8610.
93. Frommer KW, Reichenmiller K, Schutt BS, Hoeflich A, Ranke MB, Dodt G, Elmlinger MW: IGF-independent effects
of IGFBP-2 on the human breast cancer cell line Hs578T. J Mol Endocrinol 2006, 37(1):13–23.
94. Moore MG, Wetterau LA, Francis MJ, Peehl DM, Cohen P: Novel stimulatory role for insulin-like growth factor
binding protein-2 in prostate cancer cells. Int J Cancer 2003, 105(1):14–19.
95. Kansra S, Ewton DZ, Wang J, Friedman E: IGFBP-3 mediates TGF beta 1 proliferative response in colon cancer
cells. Int J Cancer 2000, 87(3):373–378.
96. Ewton DZ, Coolican SA, Mohan S, Chernausek SD, Florini JR: Modulation of insulin-like growth factor actions in
L6A1 myoblasts by insulin-like growth factor binding protein (IGFBP)-4 and IGFBP-5: a dual role for IGFBP-5.
J Cell Physiol 1998, 177(1):47–57.
97. Hoflich A, Lahm H, Blum W, Kolb H, Wolf E: Insulin-like growth factor-binding protein-2 inhibits proliferation
of human embryonic kidney fibroblasts and of IGF-responsive colon carcinoma cell lines. FEBS Lett 1998,
434(3):329–334.
98. Park JH, McCusker RH, Vanderhoof JA, Mohammadpour H, Harty RF, MacDonald RG: Secretion of insulin-like
growth factor II (IGF-II) and IGF-binding protein-2 by intestinal epithelial (IEC-6) cells: implications for
autocrine growth regulation. Endocrinology 1992, 131(3):1359–1368.
99. Katz NR: Metabolic heterogeneity of hepatocytes across the liver acinus. J Nutr 1992, 122(3 Suppl):843–849.
100. Jungermann K, Kietzmann T: Zonation of parenchymal and nonparenchymal metabolism in liver. Annu Rev
Nutr 1996, 16:179–203.
101. Novo E, Di Bonzo LV, Cannito S, Colombatto S, Parola M: Hepatic myofibroblasts: a heterogeneous population
of multifunctional cells in liver fibrogenesis. Int J Biochem Cell Biol 2009, 41(11):2089–2093.
102. Ertel A, Verghese A, Byers SW, Ochs M, Tozeren A: Pathway-specific differences between tumor cell lines and
normal and tumor tissue cells. Mol Cancer 2006, 5(1):55.
103. Qing RQ, Schmitt S, Ruelicke T, Stallmach T, Schoenle EJ: Autocrine regulation of growth by insulin-like growth
factor (IGF)-II mediated by type I IGF-receptor in Wilms tumor cells. Pediatr Res 1996, 39(1):160–165.
104. Harvey MB, Kaye PL: IGF-2 receptors are first expressed at the 2-cell stage of mouse development.
Development 1991, 111(4):1057–1060.
105. Stojanov T, Alechna S, O'Neill C: In-vitro fertilization and culture of mouse embryos in vitro significantly retards the
onset of insulin-like growth factor-II expression from the zygotic genome. Mol Hum Reprod 1999, 5(2):116–124.
106. Pyke C, Kristensen P, Ralfkiaer E, Grondahl-Hansen J, Eriksen J, Blasi F, Dano K: Urokinase-type plasminogen
activator is expressed in stromal cells and its receptor in cancer cells at invasive foci in human colon
adenocarcinomas. Am J Pathol 1991, 138(5):1059–1067.
Craven Theoretical Biology and Medical Modelling 2014, 11:40 Page 44 of 47
http://www.tbiomed.com/content/11/1/40
107. Bonifacino JS, Hurley JH: Retromer. Curr Opin Cell Biol 2008, 20(4):427–436.
108. Chia PZ, Gleeson PA: The regulation of endosome-to-Golgi retrograde transport by tethers and scaffolds.
Traffic 2011, 12(8):939–947.
109. Antoine M, Reimers K, Dickson C, Kiefer P: Fibroblast growth factor 3, a protein with dual subcellular
localization, is targeted to the nucleus and nucleolus by the concerted action of two nuclear localization
signals and a nucleolar retention signal. J Biol Chem 1997, 272(47):29475–29481.
110. Bugler B, Amalric F, Prats H: Alternative initiation of translation determines cytoplasmic or nuclear localization
of basic fibroblast growth factor. Mol Cell Biol 1991, 11(1):573–577.
111. Kilkenny DM, Hill DJ: Perinuclear localization of an intracellular binding protein related to the fibroblast
growth factor (FGF) receptor 1 is temporally associated with the nuclear trafficking of FGF-2 in proliferating
epiphyseal growth plate chondrocytes. Endocrinology 1996, 137(11):5078–5089.
112. Noe G: Sex hormone binding globulin expression and colocalization with estrogen receptor in the human
Fallopian tube. J Steroid Biochem Mol Biol 1999, 68(3–4):111–117.
113. Begasse ML, Hyman AA: The first cell cycle of the Caenorhabditis elegans embryo: spatial and temporal
control of an asymmetric cell division. Results Probl Cell Differ 2011, 53:109–133.
114. Krane JF, Murphy DP, Carter DM, Krueger JG: Synergistic effects of epidermal growth factor (EGF) and insulin-like
growth factor I/somatomedin C (IGF-I) on keratinocyte proliferation may be mediated by IGF-I transmodulation
of the EGF receptor. J Invest Dermatol 1991, 96(4):419–424.
115. Frodin M, Gammeltoft S: Insulin-like growth factors act synergistically with basic fibroblast growth factor and
nerve growth factor to promote chromaffin cell proliferation. Proc Natl Acad Sci U S A 1994, 91(5):1771–1775.
116. Reape TJ, Kanczler JM, Ward JP, Thomas CR: IGF-I increases bFGF-induced mitogenesis and upregulates FGFR-1
in rabbit vascular smooth muscle cells. Am J Physiol 1996, 270(4 Pt 2):H1141–1148.
117. Jiang F, Frederick TJ, Wood TL: IGF-I synergizes with FGF-2 to stimulate oligodendrocyte progenitor entry into
the cell cycle. Dev Biol 2001, 232(2):414–423.
118. McGuire WL Jr, Jackson JG, Figueroa JA, Shimasaki S, Powell DR, Yee D: Regulation of insulin-like growth factor-
binding protein (IGFBP) expression by breast cancer cells: use of IGFBP-1 as an inhibitor of insulin-like growth
factor action. J Natl Cancer Inst 1992, 84(17):1336–1341.
119. Lowenstein LM: Studies on reticulocyte division. Exp Cell Res 1959, 17(2):336–344.
120. Bonnerot C, Briken V, Amigorena S: Intracellular signaling and endosomal trafficking of immunoreceptors.
Shared effectors underlying MHC class II-restricted antigen presentation. Immunol Lett 1997, 57(1–3):1–4.
121. Sporn MB, Todaro GJ: Autocrine secretion and malignant transformation of cells. New Engl J Med 1980,
303(15):878–880.
122. Sporn MB, Roberts AB: Autocrine growth factors and cancer. Nature 1985, 313(6005):745–747.
123. Ammoun S, Schmid MC, Ristic N, Zhou L, Hilton D, Ercolano E, Carroll C, Hanemann CO: The role of insulin-like
growth factors signaling in merlin-deficient human schwannomas. Glia 2012, 60(11):1721–1733.
124. Matushansky I, Hernando E, Socci ND, Matos T, Mills J, Edgar MA, Schwartz GK, Singer S, Cordon-Cardo C, Maki RG:
A developmental model of sarcomagenesis defines a differentiation-based classification for liposarcomas.
Am J Pathol 2008, 172(4):1069–1080.
125. Sell S, Leffert HL: Liver cancer stem cells. J Clin Oncol 2008, 26(17):2800–2805.
126. Jogi A, Vaapil M, Johansson M, Pahlman S: Cancer cell differentiation heterogeneity and aggressive behavior in
solid tumors. Ups J Med Sci 2012, 117(2):217–224.
127. Wang TC, Dangler CA, Chen D, Goldenring JR, Koh T, Raychowdhury R, Coffey RJ, Ito S, Varro A, Dockray GJ, Fox
JG: Synergistic interaction between hypergastrinemia and Helicobacter infection in a mouse model of gastric
cancer. Gastroenterology 2000, 118(1):36–47.
128. Ohnishi N, Yuasa H, Tanaka S, Sawa H, Miura M, Matsui A, Higashi H, Musashi M, Iwabuchi K, Suzuki M, Yamada G,
Azuma T, Hatakeyama M: Transgenic expression of Helicobacter pylori CagA induces gastrointestinal and
hematopoietic neoplasms in mouse. Proc Natl Acad Sci U S A 2008, 105(3):1003–1008.
129. Ding SZ, Goldberg JB, Hatakeyama M: Helicobacter pylori infection, oncogenic pathways and epigenetic
mechanisms in gastric carcinogenesis. Future Oncol 2010, 6(5):851–862.
130. Ding SZ, Zheng PY: Helicobacter pylori infection induced gastric cancer; advance in gastric stem cell research
and the remaining challenges. Gut Pathog 2012, 4(1):18.
131. Saadat I, Higashi H, Obuse C, Umeda M, Murata-Kamiya N, Saito Y, Lu H, Ohnishi N, Azuma T, Suzuki A, Ohno S,
Hatakeyama M: Helicobacter pylori CagA targets PAR1/MARK kinase to disrupt epithelial cell polarity.
Nature 2007, 447(7142):330–333.
132. Suzuki A, Ohno S: The PAR-aPKC system: lessons in polarity. J Cell Sci 2006, 119(Pt 6):979–987.
133. Hatakeyama M: Linking epithelial polarity and carcinogenesis by multitasking Helicobacter pylori virulence
factor CagA. Oncogene 2008, 27(55):7047–7054.
134. Chang JT, Palanivel VR, Kinjyo I, Schambach F, Intlekofer AM, Banerjee A, Longworth SA, Vinup KE, Mrass P, Oliaro
J, Killeen N, Orange JS, Russell SM, Weninger W, Reiner SL: Asymmetric T lymphocyte division in the initiation of
adaptive immune responses. Science 2007, 315(5819):1687–1691.
135. Furthauer M, Gonzalez-Gaitan M: Endocytosis, asymmetric cell division, stem cells and cancer: unus pro
omnibus, omnes pro uno. Mol Oncol 2009, 3(4):339–353.
136. Oliaro J, Van Ham V, Sacirbegovic F, Pasam A, Bomzon Z, Pham K, Ludford-Menting MJ, Waterhouse NJ, Bots M,
Hawkins ED, Watt SV, Cluse LA, Clarke CJ, Izon DJ, Chang JT, Thompson N, Gu M, Johnstone RW, Smyth MJ,
Humbert PO, Reiner SL, Russell SM: Asymmetric cell division of T cells upon antigen presentation uses multiple
conserved mechanisms. J Immunol 2010, 185(1):367–375.
137. Dieli F, Caccamo N, Meraviglia S, Ivanyi J, Sireci G, Bonanno CT, Ferlazzo V, La Mendola C, Salerno A: Reciprocal
stimulation of gammadelta T cells and dendritic cells during the anti-mycobacterial immune response. Eur J
Immunol 2004, 34(11):3227–3235.
138. van de Winkel JG, Anderson CL: Biology of human immunoglobulin G Fc receptors. J Leukoc Biol 1991,
49(5):511–524.
Craven Theoretical Biology and Medical Modelling 2014, 11:40 Page 45 of 47
http://www.tbiomed.com/content/11/1/40
139. Raghavan M, Bjorkman PJ: Fc receptors and their interactions with immunoglobulins. Annu Rev Cell Dev Biol
1996, 12:181–220.
140. De Jong JM, Schuurhuis DH, Ioan-Facsinay A, Welling MM, Camps MG, van der Voort EI, Huizinga TW, Ossendorp F,
Verbeek JS, Toes RE: Dendritic cells, but not macrophages or B cells, activate major histocompatibility
complex class II-restricted CD4+ T cells upon immune-complex uptake in vivo. Immunology 2006,
119(4):499–506.
141. Schmidt RE, Gessner JE: Fc receptors and their interaction with complement in autoimmunity. Immunol Lett
2005, 100(1):56–67.
142. Barrow AD, Trowsdale J: You say ITAM and I say ITIM, let's call the whole thing off: the ambiguity of
immunoreceptor signalling. Eur J Immunol 2006, 36(7):1646–1653.
143. Ross JS, Stagliano NE, Donovan MJ, Breitbart RE, Ginsburg GS: Atherosclerosis and cancer: common
molecular pathways of disease development and progression. Ann N Y Acad Sci 2001, 947:271–292.
discussion 292–273.
144. Pittet MJ, Swirski FK: Monocytes link atherosclerosis and cancer. Eur J Immunol 2011, 41(9):2519–2522.
145. Halpert I, Sires UI, Roby JD, Potter-Perigo S, Wight TN, Shapiro SD, Welgus HG, Wickline SA, Parks WC: Matrilysin is
expressed by lipid-laden macrophages at sites of potential rupture in atherosclerotic lesions and
localizes to areas of versican deposition, a proteoglycan substrate for the enzyme. Proc Natl Acad Sci
U S A 1996, 93(18):9748–9753.
146. Liang J, Liu E, Yu Y, Kitajima S, Koike T, Jin Y, Morimoto M, Hatakeyama K, Asada Y, Watanabe T, Sasaguri Y,
Watanabe S, Fan J: Macrophage metalloelastase accelerates the progression of atherosclerosis in transgenic
rabbits. Circulation 2006, 113(16):1993–2001.
147. Johnson JL, Sala-Newby GB, Ismail Y, Aguilera CM, Newby AC: Low tissue inhibitor of metalloproteinases 3 and
high matrix metalloproteinase 14 levels defines a subpopulation of highly invasive foam-cell macrophages.
Arterioscler Thromb Vasc Biol 2008, 28(9):1647–1653.
148. Thomas AC, Sala-Newby GB, Ismail Y, Johnson JL, Pasterkamp G, Newby AC: Genomics of foam cells and
nonfoamy macrophages from rabbits identifies arginase-I as a differential regulator of nitric oxide
production. Arterioscler Thromb Vasc Biol 2007, 27(3):571–577.
149. Rennard SI, Daughton D, Fujita J, Oehlerking MB, Dobson JR, Stahl MG, Robbins RA, Thompson AB: Short-term
smoking reduction is associated with reduction in measures of lower respiratory tract inflammation in heavy
smokers. Eur Respir J 1990, 3(7):752–759.
150. Ogushi F, Hubbard RC, Vogelmeier C, Fells GA, Crystal RG: Risk factors for emphysema. Cigarette smoking is
associated with a reduction in the association rate constant of lung alpha 1-antitrypsin for neutrophil elastase.
J Clin Invest 1991, 87(3):1060–1065.
151. Stockley RA: Neutrophils and protease/antiprotease imbalance. Am J Respir Crit Care Med 1999, 160(5 Pt 2):S49–52.
152. Vandivier RW, Fadok VA, Hoffmann PR, Bratton DL, Penvari C, Brown KK, Brain JD, Accurso FJ, Henson PM:
Elastase-mediated phosphatidylserine receptor cleavage impairs apoptotic cell clearance in cystic fibrosis
and bronchiectasis. J Clin Invest 2002, 109(5):661–670.
153. Weldon S, McNally P, McElvaney NG, Elborn JS, McAuley DF, Wartelle J, Belaaouaj A, Levine RL, Taggart CC:
Decreased levels of secretory leucoprotease inhibitor in the Pseudomonas-infected cystic fibrosis lung are
due to neutrophil elastase degradation. J Immunol 2009, 183(12):8148–8156.
154. Abboud RT, Vimalanathan S: Pathogenesis of COPD. Part I. The role of protease-antiprotease imbalance in
emphysema. Int J Tuberc Lung Dis 2008, 12(4):361–367.
155. Balaban NQ, Merrin J, Chait R, Kowalik L, Leibler S: Bacterial persistence as a phenotypic switch. Science 2004,
305(5690):1622–1625.
156. Jayaraman R: Bacterial persistence: some new insights into an old phenomenon. J Biosci 2008, 33(5):795–805.
157. Hayes F, Van Melderen L: Toxins-antitoxins: diversity, evolution and function. Crit Rev Biochem Mol Biol 2011,
46(5):386–408.
158. Buts L, Lah J, Dao-Thi MH, Wyns L, Loris R: Toxin-antitoxin modules as bacterial metabolic stress managers.
Trends Biochem Sci 2005, 30(12):672–679.
159. Van Melderen L, Saavedra De Bast M: Bacterial toxin-antitoxin systems: more than selfish entities? PLoS Genet
2009, 5(3):e1000437.
160. Schumacher MA, Piro KM, Xu W, Hansen S, Lewis K, Brennan RG: Molecular mechanisms of HipA-mediated
multidrug tolerance and its neutralization by HipB. Science 2009, 323(5912):396–401.
161. Sutherland IW: The biofilm matrix–an immobilized but dynamic microbial environment. Trends Microbiol 2001,
9(5):222–227.
162. Whitchurch CB, Tolker-Nielsen T, Ragas PC, Mattick JS: Extracellular DNA required for bacterial biofilm formation.
Science 2002, 295(5559):1487.
163. Wakabayashi T, De Strooper B: Presenilins: members of the gamma-secretase quartets, but part-time soloists
too. Physiology (Bethesda) 2008, 23:194–204.
164. Cao X, Sudhof TC: A transcriptionally [correction of transcriptively] active complex of APP with Fe65 and
histone acetyltransferase Tip60. Science 2001, 293(5527):115–120.
165. Ma QH, Futagawa T, Yang WL, Jiang XD, Zeng L, Takeda Y, Xu RX, Bagnard D, Schachner M, Furley AJ, Karagogeos D,
Watanabe K, Dawe GS, Xiao ZC: A TAG1-APP signalling pathway through Fe65 negatively modulates neurogenesis.
Nat Cell Biol 2008, 10(3):283–294.
166. Zhou F, Gong K, Song B, Ma T, Van Laar T, Gong Y, Zhang L: The APP intracellular domain (AICD) inhibits Wnt
signalling and promotes neurite outgrowth. Biochim Biophys Acta 2012, 1823(8):1233–1241.
167. Saitoh T, Sundsmo M, Roch JM, Kimura N, Cole G, Schubert D, Oltersdorf T, Schenk DB: Secreted form of amyloid
beta protein precursor is involved in the growth regulation of fibroblasts. Cell 1989, 58(4):615–622.
168. Hayashi Y, Kashiwagi K, Ohta J, Nakajima M, Kawashima T, Yoshikawa K: Alzheimer amyloid protein
precursor enhances proliferation of neural stem cells from fetal rat brain. Biochem Biophys Res Commun
1994, 205(1):936–943.
Craven Theoretical Biology and Medical Modelling 2014, 11:40 Page 46 of 47
http://www.tbiomed.com/content/11/1/40
169. Ohsawa I, Takamura C, Morimoto T, Ishiguro M, Kohsaka S: Amino-terminal region of secreted form of amyloid
precursor protein stimulates proliferation of neural stem cells. Eur J Neurosci 1999, 11(6):1907–1913.
170. Pietrzik CU, Hoffmann J, Stober K, Chen CY, Bauer C, Otero DA, Roch JM, Herzog V: From differentiation to
proliferation: the secretory amyloid precursor protein as a local mediator of growth in thyroid epithelial cells.
Proc Natl Acad Sci U S A 1998, 95(4):1770–1775.
171. Hoffmann J, Twiesselmann C, Kummer MP, Romagnoli P, Herzog V: A possible role for the Alzheimer amyloid
precursor protein in the regulation of epidermal basal cell proliferation. Eur J Cell Biol 2000, 79(12):905–914.
172. Caille I, Allinquant B, Dupont E, Bouillot C, Langer A, Muller U, Prochiantz A: Soluble form of amyloid
precursor protein regulates proliferation of progenitors in the adult subventricular zone. Development 2004,
131(9):2173–2181.
173. Demars MP, Bartholomew A, Strakova Z, Lazarov O: Soluble amyloid precursor protein: a novel proliferation
factor of adult progenitor cells of ectodermal and mesodermal origin. Stem Cell Res Ther 2011, 2(4):36.
174. Li H, Wang B, Wang Z, Guo Q, Tabuchi K, Hammer RE, Sudhof TC, Zheng H: Soluble amyloid precursor protein
(APP) regulates transthyretin and Klotho gene expression without rescuing the essential function of APP.
Proc Natl Acad Sci U S A 2010, 107(40):17362–17367.
175. Lazarov O, Demars MP: All in the Family: How the APPs Regulate Neurogenesis. Front Neurosci 2012, 6:81.
176. Lopez-Toledano MA, Shelanski ML: Neurogenic effect of beta-amyloid peptide in the development of neural
stem cells. J Neurosci 2004, 24(23):5439–5444.
177. Ito S, Sawada M, Haneda M, Fujii S, Oh-Hashi K, Kiuchi K, Takahashi M, Isobe K: Amyloid-beta peptides induce
cell proliferation and macrophage colony-stimulating factor expression via the PI3-kinase/Akt pathway in
cultured Ra2 microglial cells. FEBS Lett 2005, 579(9):1995–2000.
178. Zhao H, Zhu J, Cui K, Xu X, O'Brien M, Wong KK, Kesari S, Xia W, Wong ST: Bioluminescence imaging reveals
inhibition of tumor cell proliferation by Alzheimer's amyloid beta protein. Cancer Cell Int 2009, 9:15.
179. LaFerla FM, Green KN, Oddo S: Intracellular amyloid-beta in Alzheimer's disease. Nat Rev Neurosci 2007,
8(7):499–509.
180. Millucci L, Ghezzi L, Bernardini G, Santucci A: Conformations and biological activities of amyloid beta peptide
25–35. Curr Protein Pept Sci 2010, 11(1):54–67.
181. Choi H, Park HH, Lee KY, Choi NY, Yu HJ, Lee YJ, Park J, Huh YM, Lee SH, Koh SH: Coenzyme Q10 Restores
Amyloid Beta-Inhibited Proliferation of Neural Stem Cells by Activating the PI3K Pathway. Stem Cells Dev 2013,
22(15):2112–2120.
182. Konsoula Z, Barile FA: Epigenetic histone acetylation and deacetylation mechanisms in experimental models
of neurodegenerative disorders. J Pharmacol Toxicol Methods 2012, 66(3):215–220.
183. Allison JG, Das PM, Ma J, Inglis FM, Jones FE: The ERBB4 intracellular domain (4ICD) regulates NRG1-induced
gene expression in hippocampal neurons. Neurosci Res 2011, 70(2):155–163.
184. Krane JF, Gottlieb AB, Carter DM, Krueger JG: The insulin-like growth factor I receptor is overexpressed in
psoriatic epidermis, but is differentially regulated from the epidermal growth factor receptor. J Exp Med
1992, 175(4):1081–1090.
185. Finch PW, Murphy F, Cardinale I, Krueger JG: Altered expression of keratinocyte growth factor and its receptor
in psoriasis. Am J Pathol 1997, 151(6):1619–1628.
186. Ziolkowska M, Kurowska M, Radzikowska A, Luszczykiewicz G, Wiland P, Dziewczopolski W, Filipowicz-Sosnowska
A, Pazdur J, Szechinski J, Kowalczewski J, Rell-Bakalarska M, Maslinski W: High levels of osteoprotegerin and
soluble receptor activator of nuclear factor kappa B ligand in serum of rheumatoid arthritis patients and their
normalization after anti-tumor necrosis factor alpha treatment. Arthritis Rheum 2002, 46(7):1744–1753.
187. Bost KL, Smith EM, Blalock JE: Similarity between the corticotropin (ACTH) receptor and a peptide encoded by
an RNA that is complementary to ACTH mRNA. Proc Natl Acad Sci U S A 1985, 82(5):1372–1375.
188. Root-Bernstein RS, Dillon PF: Molecular complementarity I: the complementarity theory of the origin and
evolution of life. J Theor Biol 1997, 188(4):447–479.
189. Freshney RI: Culture of Animal Cells: A Manual of Basic Technique and Specialized Applications. 6th edition. New
Jersey, USA: Wiley; 2011.
doi:10.1186/1742-4682-11-40
Cite this article as: Craven: A model to explain specific cellular communications and cellular harmony:- a
hypothesis of coupled cells and interactive coupling molecules. Theoretical Biology and Medical Modelling
2014 11:40.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Craven Theoretical Biology and Medical Modelling 2014, 11:40 Page 47 of 47
http://www.tbiomed.com/content/11/1/40
